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GLOSSARY OF TERMS 

Reynold's Number - A d1mens1onless parametr1c raho of th merha forces 
and the v1scous forces actmg on a body 1mmersed m a movmg flu1d, The 
mathematlcal express1on for Reynold's Number 1s 
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Cr1tlcal Reynold's Number- The Reynold's Number at wh1ch the boundary 
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ABSTRACT 

The obJective of this program is to provide tentage information based 
on wind tunnel test data that can be applied either to the evaluat1on 
and and 1mprovement of exist1ng ground mounted air-supported tents or to 
the design of such future structures, 

The program consisted of study, test and analytical investigation 
phases from July 1963 to October 1966, During the study phase, a review 
was made on pertinent literature on experimental techniques, data and analyses 
applicable to determining maximum aerodynamic force on and stresses in fab­
ric structures, The wind tunnel investigations consisted of detailed test­
ing of twenty-six tent models to 1nclude sixteen single wall tents (ten with 
non-porous and six with porous fabr1cs) and ten double-wall tents, Tests 
were conducted at stabil1zed w1nd speeds up to 105 miles per hour in the 
Virginia Polytechnic Institute's 6' x 6' stabil1ty tunnel. In the analy­
tical phase, test data were used to develop fabric stress and aerodynamic 
coeff1cient data variation w1th tent parameters. 

Results of the wind tunnel investigations and stress analyses have been 
incorporated and includes comprehensive, practical des1gn data su1table 
for engineer1ng reliable, stable, s1ngle and double-wall air-supported tents, 
Data, in general, are presented in non-dimensional coefficient form, and 
therefore, are applicable to full scale tents within the range of the 
parameters 1nvestigated, Design information 1s presented as charts and 
tables on tent aerodynamic force and moment coeffic1ents, anchor and guy 
line coefficients, structural deflect1on, mater1al stresses and packaged 
volume, and we1ght, 
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SECTION I 

INTRODUCTION 

In March 1956, a rev1sed add1bon of the Des1gn Manual for Sphencal 
Au Supported Radomes was pubhshed by Cornell Aeronautical Laboratory 
Smce 1ts pubhcabon, au supported structures of other than spher1cal shapes 
have been adopted by the Army. Des1gn and fabncabon of the,se tents have 
generally been hm1ted to the sem1-emp1r1cal methods outhned 1n the rev1sed 
Des1gn Manual for Spher1cal Au Supported Tents and data estimated to cover 
other bas1c conflgurations 

In order to ass1st the tentage eng1neer to more accurately def1ne the 
cntena for des1gn of au supported structures, the U S Army Natick Labora­
tones contracted w1th Hayes International Corporatwn to formulate practical 
des1gn cr1ter1a for smgle and double-wall au supported structures The pro­
gram mcluded a comprehens1ve analyt1cal study and model wmd tunnel tests 
resulting 1n a Des1gn Manual for ground mounted au supported tents A more 
ngorous solutwn to the analytical determ1nat10n of fabr1c stresses 1s 1ncluded 
1n th1s 1nvesbgatwn wh1ch, comb1ned w1th the latest matenals and accessory 
eqUlpment 1nformat10n furmshed by the Army, has produced more prec1se 
tentage des1gn cntena than has heretofore been ava1lable to the Army des1gner 

,, The Des1gn Manual has been prepat"ed 1n two parts for the conven1ence 
of the user. W1nd Tunnel Tests conta1ns a deta1led descnptwn of the w1nd 
tunnel test 1nvest1gatwns and data reductwn techmques, together w1th a com­
prehenslve analytical determmahon of max1mum fabnc stresses through use 
of qteasured tent pressure d1stnbutwns Des1gn Manual for Ground Mounted 
A1r~Supported Tents (Smgle and Double Wall) presents the results of the tests 
and analyses of Part I 1n a conc1se form of des1gn tables and curves for both 
smgle and double-wall tents and sample problems 1llustratmg the use of the 
data. 
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SECTION 2 

GENERAL DISCUSSION 

2. 1 BACKGROUND 

The art of tent making lS hundreds of years old. For centur1es, 
through tr1al and error, man has constructed effectlve shelters for hab1tat1on 
and hous1ng of eqmpment. The evoluhon of th1s art has covered myr1ad 
conf1gurahons, but only recently has a way been found to ehm1nate the cumber­
some we1ght of the supports through the use of mflatlon techmques. The 
forerunner of a1r supported tents dates back to early World War li days when 
an external enclosure over a radar antenna was found des1rable, Th1s use 
was mohvated by the necess1ty for protechon of the radar mstallat10n from 
h1gh w1nds. These early mstallahons were small 1n s1ze and the mater1al 
used ranged from smgle sheets of molded plex1glas or plywood to mulhple 
layers of sandw1ch-type construchon, The f1rst reported use of a resm­
lmpregnated glass fabrlC as a radome mater1al stemmed from an attempt to 
reduce the mo1sture absorpt10n properhes of plywood on the earher models 
through the apphcat10n of a thm protechve overlay on the external surface 
of the radome, 

Larger radomes were d1ctated for use on later World War II radar 
mstallahons, The advent of radomes rangmg m d1ameter from 35 to 55 feet 
arose from the necess1ty to extend the Un1ted States A1r Defense after World 
War II to mclude radar detect10n systems located 1n arctlc zones of operatlon, 
Operahonal radars of that hme were des1gned to w1thstand only the wmd 
loads and weather cond1t1ons encountered 1n temperate zones. W1nd condl­
tlOns m the Arctlc were known to 1mpose greater loads upon an antenna sys­
tem, and upon 1ts pedestal than those for wh1ch the structure was des1gned. 
Therefore, 1t was dec1ded to uhhze radomes for env1ronmental protectlon. 
Up untll th1s hme the large radomes had been used an as exped1ent alterna­
tlve to modlf1cat1on and strengthen1ng of ex1shng radar antenna structures. 
W1th the advent of archc usage, the mtrms1c mer1ts of the hght we1ght ra­
dome soon became obv1ous; 1, e, env1ronmental protectlon, reductlon m power 
requ1red to rotate large antenna systems m h1gh wmds and reductlon m s1ze 
and we1ght of structural members at the cost of a small degradat10n m system 

I 
performance due to the presence of the radome. 

Modern sc1enhflc and technolog1cal developments made m m1htary 
equ1pment and m support of a mob1le army have resulted m the need for new 
type tentage, The need for new tentage var1es from h1ghly spec1ahzed 1tems 
for the m1ss1le program to large ma1ntenance tents for ground veh1cles and 
a1rcraft, 
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The use of air supported tents, other than radomes, represents one 
approach taken by the Army to provide shelters of reduced weight, cost and 
cubage which can be easily transported, erected and struck for more mobile 
army operahons, With the development of these alr supported shelters the 
technology of tent makmg iS developmg step by step from a tradihonal craft 
to a branch of scienhflc engineering, 

Cornell Aeronautlcal Laboratories and Massachusetts Instltute of 
Technology have performed several scale tests on radome and mlSSile shelter 
models, Cornell has produced a Radome Des1gn Manual for spherical radomes 
based on these tests, Design and fabricatlon of other than spherical tents has 
been accomphshed largely by extrapolatlon of the design data contamed m 
the Radome Design Manual and the mdlVidual designers personal "feel" for 
the problem, A Wind tunnel program was inltlated to mvestlgate a w1de 
variety of models both spherical and cylindrical smgle and double wall, 
The data obtamed from these tests have been reduced and put m parametriC 
form to facihtate future tent des1gn, 

2, 2 GENERAL CHARACTERISTICS 

Alr supported tents present the modern mobile army With many ad­
vantages over rigid structures, Some of the more important advantages 
are hsted below 

RF TransmiSSibility - The alr supported tent, as used to house radar antenna, 
due to its thin walled construct10n, very nearly approaches the ideal shelter, 
i, e, a thm walled homogeneous sphere, For this reason the same radome 
can be used for several radar systems of different frequencies, 

Lightweight, Low Bulk and Cubage - The mherent character1stlcs of an air 
supported structure provides a high structural efficiency, which results in 
very low package weight, Use of thm flexible matenal for the envelope per­
mlts the entlre umt to be folded mto a small package which fac1htates ship­
ment and storage, 

Ease of Handhng and Logistlc Support - Due to its low weight and compact­
ness, the air supported structure iS one of the most portable of all presently 
available shelters, The durabihty of the material used for the envelope 
mmimized logistlc requirements and muntenance, StandardizatiOn of the 
basiC tent Sizes reduces the inventory requirement and makes the alr sup­
ported structure adaptable to nearly all shelter requ1rements, 
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SECTION 3 

WIND TUNNEL TESTS AND ANALYSIS 

3, 1 TEST FACILITY 

A senes of w1nd tunnel tests was conducted m the V1rg1ma Polytechmc 
Institute's 6 foot by 6 foot Stab1hty Wmd Tunnel under the d1rectlon of the 
Hayes Internatlonal Corporat10n, The VPI 6 by 6 tunnel was des1gned and 
ongmally constructed at the Langley Aeronautlcal Laboratory of the Natlonal 
Aeronautics and Space Admm1strat1on, The fac1hty 1s classlf1ed as a con­
tlnuous, closed Jet, s1ngle return, subsomc wmd tunnel w1th 1nterchangeable 
round and square test sectlons, The tunnel 1s powered by a 600 hp d. c. 
motor dr1v1ng a 14 foot propeller, Due to the presence of seven stamless 
steel turbulence screens m the setthng chamber, the tunnel 1s capable of 
operatmg at a turbulence factor as low as 1. 08. (Effects of turbulence m the 
aa flow are seen as an 1ncrease 1n test Reynolds number as compared to a 
s1m1lar test 1n free a1r. 

The tunnel 1s eqmpped w1th a s1x component automatlc null balancmg 
mechamcal system for measur1ng forces and moments assoc1ated w1th models 
mounted through the floor or s1dewall of the tunnel durmg statlc model tests. 
The output from th1s balance 1s fed mto a readout prmtmg system wh1ch allows 
the operator to read the s1x outputs as prmted tabulat10n. 

3, 2 DATA CORRECTIONS 

3, 2. 1 Balance Corrections 

The results of the overall cahbrabon of the wmd tunnel mstallatlon 
at VPI 1nd1cated that there were several manufactunng and mstallatlon errors 
present 1n the machan1cal hnkage of the balance system. These errors were 
evaluated as 1nteract1on correct10ns and were apphed to the var10us balance 
read1ngs as shown on the follow1ng page to g1ve the true aerodynam1c force 
and moment values. 

Factor x Balance Read1ngs = True Readmgs 

1. 000 Llft Readmg = Llft 

0, 996 Drag Readmg = Drag 

0. 996 S, F. Readmg + 0. 004 Drag Readmg = S1de Force 

4 



r 

0, 9,58 R. M. Readmg + 0. 015 Llft Readmg 
+ 0. 054 S. F. Readmg 

0, 953 P, M, Readmg - 0, 010 Llft Readmg 
+ 0. 028 Drag Readmg = 0, 019 R. M, Readmg 

0, 939 Y, M. Readmg - 0, 018 (Drag Readmg -
S. F. Readmg) 

= R ollmg Moment 

= P1tchmg Moment 

= Yawmg Moment 

These equat10ns are presented 1n order to show that for the test runs 
where one or more of the balance umts were 1noperat1ve, the other read1ngs 
were not apprec1ably affected, 

3, 2. 2 Honzontal Buoyancy Correct10n 

The models tested were scaled only to the extent that the largest model 

perm1ss1ble 1n the test sectlon for each conf1gurat1on cons1dered was used. 

The cond1t1ons 1mposed on the tent models tested 1n a wmd tunnel 
are not the same as those found on full scale tents m free au, Th1s test 
program had the models mounted to a f1xed ground plane w1th the au movmg 
past the model. The long1tudmal statlc pressure grad1ent usually present 
1n the test sect10n produces extraneous forces that were corrected 

Nearly all wmd tunnels w1th closed test sectlons have a statlc pres­
sure var1ahon along the ax1s of the test sect10n due to the th1ckemng of the 
boundary layer as 1t progresses toward the ex1t cone, Th1s pressure grad­
lent 1s usually negatlve and hence there 1s a tendency for the model to be 
"drawn" downstream. Th1s tendency of the model to be "drawn" downstream 
1s known as 11hor1zontal buoyancy" and 18 usually ms1gn1flcant for wmgs and 
other relatively thm obJects but may be of a s1gmflcant value for more blunt 
ObJects. In th1s test program several pressure taps were metalled along the 
tunnel walls adJacent to the model. For th1s spec1al case, the long1tudmal 
pressure grad1ent was a stra1ght lme and the equatlon for th1s correct1on 
becomes 

= ~s (dp/ dll dl 
X 

where Sx 1s the model cross sectlon area at stat10n x, 1 1s the d1stance from 
the model nose and dp/dl 1s the slope of the long1tudmal stahc pressure curve. 
S1nce the summat1on of the model area tlmes the 1ncremental d1stances~ S dl, 

X 
1s the body volume, th1s equat10n reduces to• 

DB = - (dp/dl) (Body Volume) 

5 



Figure 1 presents the longitudmal statlc pressure gradient for a representa­
tlve model tested m the VPI 6 foot by 6 foot tunnel. Takmg the slope of this 
curve and using the volume of a representative test model, 1t was found that 
DB should be approximately 3. 6 pounds. 

3. 2. 3 Blockage Correctlon 

The other correctlon required to be made on the test data 1s due to 
the presence of a model m the test sectlon which effectively reduces the area 
through which the a1r must flow, and hence m accordance with Bernoulh 1 s 
law mcreases the velocity of the air as it flows over the model. This m­
crease of velocity m the ViCimty of the model affects the dynamic pressure, 
Reynolds number, pitchmg moment coeffiCient, hft coefflc1ent and drag co­
efficient. A Simple form of this blockage correct10n iS 

= K (model volume) 
s 3/2 

c 

where K = 0. 96 for a body of revolutlon and Sc 1s the w1nd tunnel section area. 
Agam usmg the same representative test model as was used for the "hori­
zontal buoyancy" correct10n it was determmed that a representative value of 
•sB would be approximately 0. 012. 

The equations to be used for correction of the wall effects encountered 
in this program are summed below. The data With subscript "u" are un­
corrected data based on free stream dynamlC pressure, w1th the exception of 
drag wh1ch must have the buoyancy correct10n apphed before f1nal correction 
due to "sohd blockage". 

u = Uu(l+eSB) 

q = qu (1 + 2e SB) 

RN = 

CL = 

eM = 

c = D 

RNu (I +e SB) 

CL (1 
u - cr - 2e ) SB 

Chlu (1 - 2e SB) + 
cr CL 

4 

where cr = Jsz (~} z 1s a model wake correction and "d" iS the d1ameter 

of the model used. 
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3, 3 TEST ARTICLES 

3, 3, 1 Model Conflgurations 

A ser1es of 26 a1r-mflatable, smgle and double wall tents of var10us 
shapes were tested, The fabr1c used m the construction of the models was 
the llghtest fabr1c ava1lable and corresponded to approx1mately 1/10 ex1stmg 
full scale values, wh1le model scales var1ed from approx1mately 1/ 20th to 
1/ 40th full s1ze, 

Internal pressure was ma1nta1ned w1thm the models for support, A 
remote a1r supply, regulated 1n the tunnel control room, was used to prov1de 
these pressures w1th1n the cells and enclosure (see F1gure 2 & 3) The en­
closure pressure, Pe, for smgle wall models was var1ed from 4/5 q to 5/4q, 
Cell pressure, P 0 for the double wall models was var1ed from 5" to 30" 
Hz 0. Free stream total and statlc pressures were measured and referenced 
to cell and enclosure pressures as shown m F1gure 3, Enclosure pressure 
for the double wall models was mamtamed at free stream statlc values. 

Smgle wall models tested ranged m shape from spher1cal to cylmdr1-
cal w1th spher1cal ends, w1th w1dth to length ratios of 1 2, 1 3 and 1 4, The 
he1ght to d1ameter ratlos vaned from 3/8 to 7/8. Envelope mater1al var1ed 
m poros1ty from 0 to 15 cu. ft. /mm, /ft. z, Ten of the 16 smgle wall models 
were made of non-porous mater1al, 

Double wall models tested were all cyllndr1cally shaped, He1ght to 
d1ameter rat10s var1ed from 3/8 to 3/4 for the cyllndr1cal models and w1dth 
to length ratlos var1ed from 1 1 to 1 4, 

Table I summar1zes all model conf1guratlons, Photographs of typ1cal 
models are shown 1n F1gures 4 thru 8, 

3, 3, 2 Model Parameters 

In the des1gn of w1nd tunnel test models 1t 1s of paramount 1mportance 
to msure that all pr1nc1ple non-d1mens1onal parameters are scaled relative 
to one another m the model as they are found m the full scale tents, Wmd 
tunnel models are also generally made to as large a scale as the test sec­
bon of the tunnel w1ll allow w1thout mducmg adverse tunnel blockage, In 
selectmg the model des1gns for th1s program 1t was agreed that smce the slZe 
of the full scale tent 1s var1able, each model conf1gurat1on should be des1gned 
to the tunnel blockage factor and made as large as poss1ble w1thout regard to 
scale, To accomphsh th1s pr1or to the des1gn of the ground plane, an arbl­
trary flgure of one square foot was assumed for the prOJected frontal area 
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of the ground plane, Assummg a tunnel blockage factor of 10 percent, as 
recommended by V1rg1ma Polytechmc Institute, and know1ng the assumed 
ground plane frontal area, each model was des1gned to have max1mum pro­
Jected frontal area of 374 square mches, Usmg this frontal area, model 
dimensiOns for the various test configurations were computed and are pre­
sented m Table I. 

The exact dimensiOns of all existing and proposed full scale tents 
being unknown, the models were designed allowmg engineer1ng JUdgement 
and experience to relax the requuements for some parameters known or 
felt to be ummportant and provide a wide vartey of tent shapes of mterest 
to the Army for present and future apphcation, 

The design of a flex1ble model for wmd tunnel testmg iS considerably 
more comphcated than a normal rigid model, whose shape essentially does 
not change. To obtam aerodynamic and dynamic Slmilartty the following 
parameters had to be kept the same for scale as for the full Size models. 

Geometr1c Shape - For no wind conditions 
Inflat10n Parameter - Ratio of mflabon pressure to free system 

dynamic pressure 
Reynold's Number- Ratio of mertia forces to viscous forces 
Mach Number - Rabo of inertia forces to elastic forces 
Froude Number - Ratto of mertia forces to gravity forces 
Aeroelashc Parameter -Ratio of model diameter, fabric elongation 

and dynamic pressure to fabrtc stress 
Dynam1c Parameter - Ratio of model mass to air density and model 

d1ameter cubed 

A model under conditions such that it has the same Reynolds and 
Mach numbers as its full scale counterpart will have forces and moments 
on it that can be d1rectly scaled and flow patterns that are exactly the same. 
If the body m question 1s reactmg to gravity, the model should also be mam­
talned at the same Froude number as its full scale counterpart, 

The 1nflat10n parameter iS of importance because it governs tent 
stab1hty, This parameter was investigated wherever possible to determme 
the hmits of tent stabihty, The dynamic parameter was allowed to vary with 
model sizmg as the fabric used was the hghtest fabric available of sufficient 
strength to construct the models and the model s1ze was dictated by the max­
imum allowable for the test sechon used, Based on the hm1ted observat10ns 
of the effects of th1s parameter durmg these tests, 1t iS recommended that 
the 1nflatton parameter be ma1nta1ned at a minimum of I. 0. 

The aeroelastic parameter iS 1mportant m matchmg the model de-
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flect10ns w1th those of the full scale tents Based on the fabnc stress data 
computer from the pressure d1str1but10ns, th1s parameter can be compared. 
However, no attempt was made to do so because of the overndmg cons1dera­
tlons of fabnc we1ght and model s1zmg as c1ted above. However, smce the 
bendmg shffness of the model fabr1c 1s neghg1ble, deflechons noted m the 
models are cons1dered s1m1lar to those of full scale tents, 

The Mach number parameter was 1rrelevant because of the low velo­
C1hes used for th1s test ser1es, Based on past expenence, below a Mach 
number of 0 25, the elashc forces of au are at a mm1mum and can be 
neglected 

Therefore, the s1m1lar1ty parameters cons1dered to be of maJor 1m­
portance were the 1nflahon parameter and Reynolds number, 

The values selected for the mflat10n parameter were 4/5 q, l 0 q and 
5/4 q, In some cases, an eshmate was ma~e as to the value of P /q that was 

e 
requtred to stabthze the tent. It was found that th1s determmahon was an 
1nd1vtdual est1mate and therefore only the more severe cases of tent 1nsta­
b1hty were evaluated The smgle wall non-porous tents were tested at all 
three values of the 1nflat10n parameter. The s1ngle wall, porous tents were, 
m general, tested only at a value of l. 0 q, The double wall tents were tested 
at values of P /q equal to 3q, 4q, and 5q 

c 

The Reynolds number parameter determ1nes the flow pattern as 1t 1s 
1nfluenced by v1scous effects As maJor vanahon 1n flow usually occurs 
below certa1n cnhcal values of th1s parameter, 1t was des1rable to test 
scaled models above th1s cnhcal value 1n order to prov1de more accurate 
extrapolahon of test data to full scale, At the lower test veloc1ty of 35 mph, 
several models fall below th1s cr1hcal value of Reynolds number, hence 
the test data does not lend 1tself to extrapolahon as read1ly as the data obtam­
ed from the other models. These cond1t1ons were adJusted to br1ng model 
Reynolds number above the cr1hcal value and thereby enable the data from all 
models to be scaled to full s1ze tents The Reynold's number for these tents 
was based on the model d1ameter, Based on that reference length, past 
exper1ence and aerodynam1c theory pr'5d1ct the cr1hcal value of Reynold 1 s 
number to be between 4 0 and 5 0 x 10 The cr1hcal Reynold's number 
estabhshes the lower values of test cond1hons 1n that maJor vanat10n of flow 
occur below the test cond1t1ons spec1f1ed by the cnhcal Reynold's number 
Test data below the cnhcal Reynold's number has httle or no potenhal for 
extrapolat10n to full scale tents and therefore was ehm1nated from cons1der­
ahon 1n the des1gn curves presented 1n Part 2. 
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The model fabnc chosen was the fmest gage poss1ble cons1dermg 
fabr1c flex1b1hty reqUlrements and fabr1catwn. The fabr1c chosen may be 
scaled to full s1ze and 1s representative of those tents 1n serv1ce today. 
Fabr1c poros1ty was also var1ed 1n the constructwn of the tents to prov1de 
data of the 1nfluence of poros1ty on aerodynam1c flow character1sbcs over 
the tent. 

3. 4 MODEL INSTALLATION 

It was determ1ned that more rehable data would be obtamed by mount­
mg the tent models on a ground plane suspended between the walls of the 
tunnel rather than by mountmg them d1rectly on the floor of the tunnel. 

The opbmum s1ze of the ground plane for th1s part1cular tunnel 1s 
three tlmes that of the longest model to be tested. The d1menswns of the 
ground plane are, therefore, 72 mches w1de by 195 mches long. The models, 
turntable etc., are mounted 1n the center of the ground plane w1thm a 70 mch 
d1ameter cacle. The boundary layer bleed flap was s1zed and located on 
the bas1s of the calculated boundary layer along the ground plane. 

In order to better s1mulate the full scale tents, prov1s1on was made 
to enable the test conductor to exerc1se a hm1ted amount of control, through 
adJUStment of a bleed flap, over the boundary layer th1ckness m front of the 
model. To determme the desaed settmg for the bleed flap that best S1mu­
lated actual cond1t1ons over the ground, a boundary layer survey was made. 
Th1s survey mvestlgated dynam1c pressures at he1ghts varymg from the 
ground plane surface to approx1mately two mches above the surface for 
varymg bleed flap settmgs. 

These dynam1c pressures were plotted versus the he1ght above the 
surface. The he1ght at wh1ch the dynam1c pressure recovers to 90 percent 
of the free stream 1s defmed to be the upper hm1t of the boundary layer. 
The results of th1s survey are presented m F1gure 9. The curve corres­
pondlng to slot opemngs of 1. 0 11 and 1. 5" was chosen for subsequent use as 
1t was felt that th1s produced a flow prof1le wh1ch more closely approxl­
mated actual free a1r cond1t1ons. Therefore, the data from these tests are 
restncted to ground mounted structures only. 

The bases of the models were attached to the ground plane by means 
of cantilevered anchor sprmgs fabr1cated from 17-4 PH steel heat treated 
to the THl 0 50 cond1t1on. F1gure 10 shows typ1eal stram gage mstallatwns at 
the anchor po1nt and guy !me pos1t1ons. These anchors were spaced about 
the per1phery of each model as shown m F1gures 86 and 87. Double wall 
models were secured by guy w1res m add1tlon to the anchor spnngs. 
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The mountmg plate loads were measured on the earher tents by re­
movmg the tent and model base, covermg the turn table and measurmg the 
loads as the tunnel speed was var1ed through the test range, On the later 
models a dummy tent was constructed of plywood and flberboard and sus­
pended above the model base, Both methods were used at all test yaw angles 
and gave equally rehable results. 

3, 5 AERODYNAMIC FORCES, MOMENTS AND ANCHOR LOADS 

The aerodynamlC forces and moments were recorded 1n pounds and 
foot-pounds respectively m the wmd ax1s system, The w1nd ax1s system has 
three orthogonal axes, one or1ented 1n the duection of the w1nd w1th drag 
pos1tive m the downstream duection, another or1ented 1n the vertlcal duec­
tlon w1th hft pos1t1ve m the upward d1rect10n, and a thud or1ented m the 
lateral d1rect1on normal to the former two w1th s1de force pos1tive to the 
r1ght when looking upstream, See F1gure ll. These axes are flxed 1n the 
w1nd tunnel and do not vary w1th yaw angle. The s1gn convention for yaw 
angle measurement 1s also mcluded 1n F1gure 11. 

The anchor load data were recorded on an SR-4 Stram Scanner and 
Record1ng Un1t, The deflections measured by th1s umt were then transferred 
to computer load sheets for automatic data reduct10n. The reduced data 
were presented as 1nd1v1dual anchor load and anchor load coeff1c1ent and 
total anchor load corrected for both 1nflat1on pressure and the rat10 of total 
number of tent anchors to the number of 1nstrumented anchors used, 

The aerodynam1c force and anchor load data were reduced to d1men­
s10nless coefflc1ent form by d1v1dmg the force m pounds by the product of 
dynam1c pressure times the reference area, The aerodynam1c moment data 
were s1m1larly reduced to coeff1c1ent form by d1v1d1ng by the product of 
dynam1c pressure tlmes the reference area tlmes a reference length, These 
coeff1c1ents are deflned as follows 

Coeff1c1ent Equat10n 

Llft CL = L/qS 

Drag CD = D/ qS 

S1deforce cy = Y/qS 

P1tchmg Moment eM = M/qS 
m 

ll 



Coefflc1ent Equat10n 

Rolhng Moment CR = R /qSt 

Yawmg Moment eN = Y/qs 

Anchor Load CAL= Anchor load/ qS 

Corrections for tunnel bolckage were apphed to the data m coefhc1ent form 

The statlc pressure d1stnbut10n data was reduced to coefhc1ent form 1n 

accordance w1th the followmg equat10n 

where 

c = p 

p - p 
t 00 

900 

P = Local statlc pressure (at tent surface) 
t 

P = Free stream statlc pressure 
00 

q
00 

= Free stream dynam1c pressure 

The max1mum values of the aerodynam1c and anchor load coeff1c1ents 
computed were determ1ned and plotted as functlons of tent he1ght to tent 
d1ameter and the tent w1dth to length ratlo 

Twenty-s1x smgle and double wall tents were tested to 105 m1les per hour. 
It should be noted that the smgle wall cyhndr1cal shapes tested d1ffered 
from the double wall shapes m that the ends were sphencal for smgle wall and 
flat for double wall The aerodynam1c force data are d1scussed below 

L1ft 

From the hft coefhc1ent, dehned as C = L/qS, 1t can be seen m F1gure 
13 that CL mcreases almost lmear1y w1th tne rat10 of he1ght to d1ameter for 
smgle wall spheres. Fabr1c poros1ty of 10 - 15 cu. ft /mm. sq. ft resulted 

1n the m1n1mum CL for th1s shape. 

Cylmdr1cal smgle wall tents exh1b1t a m1mmum hft coefflc1ent at a he1ght 
to d1ameter ratlo of 0, 5, as shown 1n F1gures 14 and 15. However, a w1dth 
to length raho of 1 2 results m a more moderate CL at h/ d < 0. 5 than the 
W /qhof 1 4. The reverse 1s true m the case of h/ d > 0. 5. 
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Double wall, cyhndr1cal shapes show a moderate decrease 1n 11ft co-
eff1c1ent as h/d 1ncreases, as can be seen from F1gure 16 W1dth to length 
rat10s of 1 4 resulted m a cons1derably h1gher CL than that of 1 2, 

S1ngle wall, spher1cal shapes show an 1ncrease 1n drag coeff1c1ent w1th 
mcreasmg h/ d as presented m F1gure 17, Shght fabnc poros1ty 0-5 cu. ft I 
m1n, sq. ft., reduces CD moderately whereas a further 1ncrease 1n the poro­
slty mcreases CD back: to non porous values, 

Smgle wall cylmdncal shapes of 1 2 w1dth to length ratlos (F1gure 18), 
1nd1cate a moderate 1ncrease 1n CD w1th 1ncreas1ng h/d but have CD's con­
slderably lower than shapes of W/th= 1 4 at lower h/d values. (F1g 19) 
Increas1ng fabnc poros1ty 1ncreases the C for cyhndr1cal shapes, 

D 

Double wall shapes w1th an h/d less than 0. 5 exh1b1ted lower drag co­
efhclents than d1d the smgle wall shapes (F1gure 20). However an mcrease 
m h/d above 0, 5 resulted m much h1gher CD's for the double wall shapes, 
Vanahon m w1dth to length rat10 caused a moderate 1ncrease 1n CD w1th 

an 1ncrease 1n W/ph, 

Moments 

Moment coefhc1ents for s1ngle wall sphencal tents were qmte low at 
low h/d values, and mcreased to a fa1rly constant value at h/d> 0. 5, In­
creasmg poros1ty to 0-5 resulted m the lowest values of CM wh1le a further 
1ncrease 1n poros1ty mcreased CM to near the non-porous values, (See F1gure 

21 ). 

S1ngle wall cylmdr1cal shapes show a shght mcrease 1n CM w1th mcreastng 
h/d values. Increasmg w/1 rat10s ratse CM values markedly Fabnc poro-
stty values of 0-5 and 10-15 reduced the CM constderable m W/Oh rahos of 
1 2 and cause a moderate decrease m CM at W/ohratws of 1 4 (See Ftgures 

22 and23 

Double wall shapes reflected a moderate, hnear mcrease 1n CM w1th 
1ncreas1ng h/d ratlos, (See F1gure 24), The moment coeff1c1ents decreased 
sllghtly w1th a change m W/o,_,ratlO from 1 1 to 1 2, but showed a marked de­

crease w1th a W/thratlO of 1 "21, 
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Anchor Loads 

Anchor loads of a fabnc shelter are the result of aerodynam1c forces 
actlng on the tent external surface and the enclosure pressure w1thm the 
body. The anchor load coeff1c1ent lS defmed as CAL = F /qSf These are 
plotted m f1gures 25 and 26. 

A guy lme coefflc1ent, defmed as CGL = guy hne load/qS , 1s used to 
determme vertlcalloads on the guy lmes for double wall moaels. These 
are plotted 1n flgure 27 • These coeff1c1ents represent max1mum aerodynam1c 
loadmg w1th 1nflatlon pressure effects ehm1nated. Enclosure pressure 1s 
another vanable wh1ch further 1nfluences anchor loads and must be cons1dered 
JOmtly when determmmg total anchor loadmg. 

3, 6 TENT DEFLECTION AND STABILITY 

3. 6. 1 Tent Deflect10ns 

Tent deflect10n due to wmd load was measured through use of a (f1xed­
pos1tlon stlll) camera Fllm negatlves of no-w1nd and test-w1nd cond1tlons 
havmg the same enclosure (and cell) pressures were super1mposed to pro­
Vlde accurate deflectlon measurement. Data were measured us1ng a back­
ground gr1d and recorded for deflectlon areas at the front, top and rear of 
each tent us1ng the symbols and s1gn conventlons of flgure 28. Correctlons 
were made to the measured data for camera pos1tlon relahve to tent and gr1d 
locahons. Max1mum deflect10n data were then plotted as a ratlo of tent 
deflectlon to tent rad1us, 6/r, versus the ratlo of tent he1ght to tent d1ameter, 
h/ d, for all twenty-s1x models. 

The effect of porous fabr1c on reduc1ng s1ngle wall tent deflectlon was 
1nvestlgated, however, only non-porous fabr1c was used 1n the constructlon of 
the double wall tents. Also, the 1ndependent effects of cell s1ze, cell pressure 
and enclosure pressure on test deflectlon for the 3/4 cyhndr1cal, double 
wall tent w1th 1 1 w1dth to length rat10 were determmed. Table II shows 
relatlve cell s1zes for these double wall tents. The deflectlon data curves 
are presented m F1gures 29, 30, 31, 95, 96, 97 and 98 

A more comprehens1ve number of tent shapes and s1zes of the s1ngle 
wall non-porous var1ety were tested, hence, 1t lS felt that these data are more 
conclus1ve. In the case of double wall tents, the curves appear as a stra1ght 
lme connectmg two data pomts. Add1tlonal double wall conflguratlon tents 
are requtred to better deflne curve var1at10n, however, due to the general 
concave curve shape for smgle wall tents 1t lS beheved the double wall data 1s 
conservatlve m the h/d range of 0, 5-0. 6, but less conservatlve at h1gher 
ratlos 
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With respect to deflections, the followmg general conclusion may be 
made• Tents with low-porosity fabric, 0-5 cu. ft. /mm. I sq. ft. @ 6 11 w. g. 
pressure, showed measurable reductions m deflections. Tents with a h/ d 
of approximately 0, 5 have the smallest deflect10ns, Spherical smgle wall 
tents have smaller overall deflections than the cyhndrical tents, For the 
double wall tents, an increase in cell Size, cell pressure and enclosure 
pressure provide greater tent ripdity and result in less tent deflection, 
Also a double wall tent guy hne conhgurat10n with hnes attached at 0, 80 and 
0, 40 tent height, with angled corner guy hnes, produced smallest deflections, 

3, 6, 2 Stabihty 

As part of the test program, tent stabihty was quahtatively mvestigated by 
defining mstabihty as any set of conditions producing tent deflection and 
Vibration which, when coupled together provided obJectionable tent mot10n, 
Degree of motion determmed ViSually dunng testing and from mot10n picture 
reruns of tests, The effects of changes of fabric porosity, enclosure pressure, 
cell Size and pressure and guy hne locatwn were evaluated where applicable, 
The followmg general conclus10ns may be made relatlVe to tent stabihty. 

The smgle wall tent configurations, With the exceptwn of the 7/8 sphere 
and all 1 4 Width to length raho cylmdncal tents were found to be very stable, 
For these tents, motion iS more pronounced With a Wind at 45 degrees attitude, 
Other sphencal and the 1 2 Width to length ratio cylmdrical conhgurabons 
exhibited very stable properties at all test conditions, 

The double wall tents had flat ends which contnbuted to flow separat10n 
and lesser stabihty than the smgle wall tents With sphencal ends, The 3/4 
cyhndrical, 1 1 Width to length tents were not 'true 1 cylmdrical tents but, 
rather, had flat Sides which may have contributed to this configuratiOn's 
lower stabihty, 

When some deflect10n and Vibration iS acceptable, the tent shapes tested 
withstood hurricane force wmds without the use of guy hnes. Double wall 
tent anchor loads were not measured for the no-guy lme condition, 

To mimmize double wall tent corner deflection and motwn, which occurs 
pnmanly when the tent iS oriented 45 degrees to the wmd (corner mto the 
wmd), guy hnes angle 45 degrees to the tent side should be attached to each 
corner of the tent at a pomt 0, 8 tent height and make an angle of approxi­
mately 45 degrees with the ground, Corner and end deflect10ns were more 
pronounced on the double wall tents, beheved aggravated by the flat ends, 
and no complete ehminahon of corner deflect10n at the 45 degree attitude was 
found, 

15 



The best guy hne conf1gurat1on cons1sts of a combmahon h1gh (0. 8 tent 
he1ght) and low (0.4 tent he1ght) hne arrangement, w1th the upper guy hnes 
angled 45 degrees to the tent s1de and the lower guy hnes perpend1cular to 
the tent s1de when v1ewed from the top of the tent, 

Cell pressure (enclosure pressure for s1ngle wall tents) 1s an 1mportant 
factor 1n controlhng tent mohon, Although perm1ss1ble tent deflectwn, as 
requtred by tent usage, could estabhsh pressure requtrements, tests md1cated 
that only for cell pressures equal to or m-excess-of the tent dynam1c pres­
sure d1d both good stab1hty and deflect10n charactenstlcs ex1st From a 
stab1hty standpomt at 105 m1les per hour, no s1gmflcant ga1ns were ach1eved 
beyond an mflahon pressure of 16 mches water gage. Also only small de­
flection reductwns occurred for h1gher pressures up to 30 mches water gage. 

Tent cell s1ze was also observed to be a factor m prov1dmg better tent 
stab1hty smce an mcrease 1n cell s1ze was more ng1d for the same cell m­
flahon pressure, A pnme cons1derahon 1n mcreasmg cell s1ze, 1s that, for 
the same enclosure volume the tent overall s1ze and we1ght mcrease rap1dly 

Smgle wall tents w1th low fabr1c poros 1ty (0- 5 cu ft. /mm, / sq ft @ 6" 
w, g, ) exh1b1ted lower deflectwns, m general, than non-porous tents and 
possessed equal or better stab1hty charactenstlcs 

Double wall tent enclosure pressure should be mamtamed at amb1ent or 
low pos1tlve pressure to preclude cell bucklmg. Test w1th enclosure pres sure 
less than amb1ent exh1b1ted a cr1hcal bucklmg tendency on the wmdward 
(forward) s1de of the tent, 
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3. 7 DOUBLE WALL TENTS 

In the des1gn of a double wall tent, we1ght and enclosed volume are of 
pr1me 1mportance, For th1s reason, we1ght to volume ratlo 1s theoretically 
opt1m1zed m the followmg study, Results of the study prov1de relatwnshtp 
between number of cells and cell s1zmg (see flgure 44 ft• Over-all tent 
d1mens10ns are d1ctated by functional requ1rements, Contmued effort 1s 
necessary for true opt1m1zatlon of we1ght to volume and strength, 

Study of strength reqUlrements 1s summarized m paragraph 3. 7 2 and 
msludes stress theory which IS utlhzed m analysis of models tested, The 
results of stress analyses of tents subJeCted to wmd tunnel airloads are 
presented In curve form on flgures 33 thru 43. 

It 1s anticipated that a more general approach to double wall tent 
design w11l be mcluded m a later revisiOn. The revised approach 
should provide for cell sizing and weight opumizatwn sucn as Indicated 
by apphcatlon of Ftgure 44 and should also facihtate sizmg and analyses of 
cyhndrical double wall tents of variable geometnes withm the proportions 

tested. 

3. 7 1 Geometry Study 

To effect a least weight analysis, It 1s necessary to derive approximate 
relatlons for the weight and enclosed volume of a tent The cross-sectwnal 
area Inside the tent shown In Figure 32 IS approximately 

(1} 

The enclosed volume 1s Acqh or 

v = 2nr sm"' rr (rep + 2h esc<\> } + (r 2 + h 2
} cot<\> J 

c c[ B r B r B 
(2} 

The we1ght of the fabriC used to form n cells IS 

wt = 4flrr 2n a+ (n +1} cos all(r + r }(<\> +cot<\> l + h esc cf> l (3} L c c ~L c B B' r ~ 

where];l =fabric we1ght per tJmt surface area. The other parameters are 
shown m Figure 32, 
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To obtam a least weight design, we requue the maximum volume to 
weight ratio, DlVidmg equat1on (2) by equatwn (3), and defmmg y =V/Wt, 

(4) 

The mtended use of the tent would set certam of the parameters, r,<j>B, h, 
and n, which would be a funct10n of the length, and strength reqmrements 
would determineD The two remam1ng mdependent variables, a and r , deter­
mme the cell configuration dtrectly. To estabhsh whether or no'f y obt'i..ms 
a finite max1mum w1th regard to a and r, we take the partial deriVatives of 

Y with respect to a and r , and s~t theih equal to zero 
c c 

From .£.y_ = 0, we find that no maximum exists, so for mimmum a r 
c 

weight, the smallest radius practical should be used, The radius will there-
fore be dictated by strength and stabihty cntena. 

Takmg the partial derivative of y with respect to ac' and deflnmg 

_ [n r (r<j>B + 2hrcsc <j>B) + (r
2 

+ h~) cot q,BJ, 
c 

- 2 S( [(r + r~(<j>B +cot <j>B) + hrcsc <j>~ 

we obtam 

ay 
-= c a a 

c 

2n (q,cos ac- sm ac) + n +l 
2 n a+ (n + 1) cos a 2 

c c 

Settmg equat10n (6) equal to zero, we fmd that 

n +1 
Slll a- Q'COS £l' = 

c c c 2n 

(5) 

(6) 

(7) 

The maximum (if it iS a maximum) value of y iS, then, dependent only upon 
the number of cells, n. As a hmiting value, 

hmit n + 1 
noo 2n = 1/2, (8) 

so that for large values of n, 

sm a- acos a= 1/2 
c c c (9) 
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A tnal and error solutlon y1elds ct = 68" - 54'. Obv10usly, for n = 1, ct = 90". 
c c 

Smce there 1s only one root of equat10n (9) for 0 $ "c$ 90" , to determme 1f 
th1s 1s a max1mum value, we examme the s1gn of 8y /8acon both s1des of our 
solved value of "'c:: Settmg n = 10, from equatlon (6) 

(10) 

S1nce the brackets m equatlon (10) w1ll always be pos1tlve, and we are umn­
terested m the magmtude of equat10n (10), we examme only 

20 (a cos ct- sm a\ + ll. 
c c c: 

(ll) 

Settmg (ll) equal to zero, we fmd that "c"' 71. s• for n = 10. Now settmg 
etc= 50" 1n (ll) y1elds a pos1tlve s1gn, and etC= 8 5" results 1n a negatlve Slgn. 
S1m1alr results are obta1ned for all values of n, so we have the des1red 
max1mum volume to we1ght ratlo m terms of "(!'S a funct10n of n. F1gure 44 
1llustrates the vanance of a and n fur max1mum y 

c 

As an 1llustrat10n, cons1der an ex1stmg tent wh1ch we shall refer to as 
Tent 1. It has the followmg parameters n = 12, ~ 15 oz./ sq. yd., r = 9' -
6", hr= 2' - 6", 4>B = 81", rc= 10", and "c" 35" - 48'. Usmg equatlons (2) 
and (3), we fmd that V = 2234. 1 cu. ft. and Wt = 166. 5 #. The tent 1s 140 4" 
long. The we1ght, as glVen 1n the above reference 1s 264# for the shelter 
sect10n. Th1s extra 97. 5# 1s compr1sed of such 1tems as carrymg handles, 
z1ppers, weather seal flaps, local re1nforcement, stltchmg, etc. 

We shall now redes1gn Tent 1, varymg only "'cand n and call 1t Tent 2 
Th1s way we can retam approx1mately the same volume, and reduce the we1ght. 
Our cell w1dth w1ll be approx1mately 2 rcsm 70" = 18. 8". We requue then, 
that n;,; 140.4/18.8 = 7. 5. From F1gure 44, for n = 8, "'c" 72" Agam 
usmg equat10ns (2) and (3), V = 2421. 6 cu. ft., and Wt = 149. 3#. The length of 
Tent 2 1s 152. 5". Smce the we1ght of the m1scellaneous 1tems on Tent # 1 
w1ll be approx1mately the sam for Tent #2, we wmd up w1th a shelter sectlon 
we1ght of 246. 8#. These changes are tabulated below for easy compar1son, and 
F1gure 45 shows the relative s1zes of the tent cells. 
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Tent Tent Absolute Percent 
1 2 D1fference D1fference 

n 12 8 Down 4 33 

C/ 35° - 48' c 72° - 00' Up 36o -12' 101 

Volume 2234. 1 ft. 3 2421. 6 ft. 3 Up 187. 5 ft.3 8 

We1ght 264. 0# 246. 8# Down 17. 2# 7 

Length 140.4" 152 2" Up 11 8" 8 

3. 7. 2 Strength Study 

It 1s apparent that geometr1c opt1m1zat1on alone 1s 1nsuff1c1ent for com­
plete we1ght control. Select10n of fabr1c must be made w1th full cons1derat10n 
of mater1al strength to we1ght raho. Wh1le no formal procedure 1s developed 
here1n for fabnc selectlon 1t 1s recogn1zed that proper fabnc des1gn and/ or 
select10n can have paramount effect on the attempts to m1mm1ze we1ght, 
Study of phys1cal propertles of fabnc 1s a s1gnlficant and separate endeavor 
wh1ch should mer1t add1tlonal research and development outs1de the scope of 
th1s contract, Prmcipal cnter1a for fabnc we1ght optlmizatlOn should requue 
h1gh strength to weight ratlo and mimmum safety margm 

Stresses In a cellular structure can be fairly accurately predicted by 
ord1nary methods of structural mechan1cs so long as tens1le stress IS mam­
tamed throughout the fabnc, Smce fabnc 1s meffectlve m compress10n, 
1nitlal buckhng occurs when one prmc1pal stress 1s positlve (tensile) and the 
other pnnc1pal stress 1s zero, An Inflated cellular structure with cross 
sectwn as shown m f1gure 45 when subJected to apphed loads w1ll commence 
Imtlal bucklmg when the compress10n stress due to apphed loads equals the 
tensile prestress due to cell mflatwn, In the tent structure, the mendwnal 
stress resultant (pounds per mch) due to apphed load IS 

N 
<!> 

= 
PA 

A 
c 

+ 
Mr 

c 
I 

and the mer1d10nal mflatwn stress resultant 1s p A 1 A • 
c e c 

where 
I IS the moment of mertla (m. 3

) 

r 1s the cell radms (m. ) 
c 
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PA 1s mer1d10nal force (pounds) resultmg from apphed load 

M 1s mend10nal moment (mch-pounds) resultmg from apphed 
load. 

A 1s fabr1c length m cross sectlon (m. ). 
Pc 1s 1nflat10n pressure (ps1) 

c 
A 

e 
1s cell enclosed area (1n 2 ) 

Spec1flcally, referencmg flgure 32, 

I = 2 r 3 n (a+ sm a cos a)+ 1/3 (n +1) cos 3 a (1) c c c c 

A = 2 r 2 n (a+ Sln aCOS a ) (2) e c c c c 

A= 4 nr a+ 2 (n + 1) r cos a (3) c c c c c 

The m1t1al buckhng moment (Mb) 1s reached when the stress resultant 
due to mer1d10nal moment equals the net stress resultant from mflatlon 
pressure and mer1d1onal force due to loads. Equatmg stress resultant from 
apphed load to stress resultant from mflat10n pressure, 

+ = 
p A 

c e 
A 

c 

Transpos1ng and solvmg, 

(P A - PA) I 
M = c e 

b r A (4) 
c c 

Substltutlng equatlons l, 2, and 3, 

r (2 r 2 n P )(a+ sm a cos a\ - PA n (a +sm acos a) + l/3 (n+l)cos3a 
cc cc c c c c c c 

Mb = 2na + (n + l) cos a 
c c (5) 

The ultlmate collapse moment 1s reached when wrmkles have progressed 
across the cross-sect10n a d1stance b = r (l +a+ cos a- s1n a ) as shown m 

c c c c 
F1gure 46. The w1dth of the cross-sect10n at collapse 1s assumed unchanged 
s1nce all but the end cells are restra1ned from lateral expans10n At ultlmate 
collapse the total mend10nal force 1s carr1ed by the surface skm. The total 
mer1d1onal force acts as a couple w1th moment arm equal to b-r = r (ac+ cos a -

c c c sm a ) as md1cated 1n F1gure 46. The ultlmate collapse moment 1s c 
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= (PA + P A ) (<> + cos a - sm a ) n r 
c e c c c c 

P~+P/'J 

P +P A 
A c e 

~ rr--¥-+---¥---¥-----¥----t. -- -- --
b 

l_ 
Ftg, 46 

(6) 

r (<> +cos a -sm a ) 
c c c c 

--1--

r 
c 

The double wall tent 1s analysed as compnsed of a 
sertes of connectmg beam elements of arb1trary lengths chosen to f1t the 
load pattern and also to provtde a smooth pattern of d1screte valves of 
1nternal forces, mer1d10nal moment, mertdwnal force, and rad1al shear 
Analys1s uhhzes the theorem of least work and 1s programmed on the Hayes 
IBM 1620 computer, The tent 1s ftrst analysed w1th no buckled sectlon 
When analys1s 1ndtcates that a buckled sect10n extsts accordmg to relatlon 
(5), a new flex1b1hty coeff1c1ent 1s mserted at the buckled sectlon and computer 
analys1s 1s contmued, The new flex1bthty coefhc1ent allows a near-p1nned cond1-
tlon at that pomt. 

Results are then prmted out m keepmg w1th the followmg relattons 

Mertd1onal stress resultant, 

Ncf> = 
M r 

c 
I 

Hoop stress resultant, 

N = (P - P ) r 
h c r c 

+ A 
c 

PA 
c e 

where P 1s mternal pressure 
c 

P 1s external pressure 
r 

Web stress resultant, 

Nw = Nh (2 sm "'c)' By eqmhbrmm of the skm-web JUnctton 

N = (P - P ) 2 r sm a 
w c r c c 
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3, 7. 3 Stab1hty 

Static mstab1hty of an 11m" times redundant structure w1ll occur when (m + 1) 
pomts have buckled, Smce the tent fabnc cannot carry compress10n load, static 

r 1nstab1hty 1s also assumed to occur when the ax1al compression load equals the 
ax1al tenswn load due to mflation pressure, 

3. 7. 4 Analys1s 

Three arb1trary tent s1zes were used as analytical models, They are Identi­
fied as 

Tent #1 - h/d = , 5, d = 238 mches 
Tent #2- h/d = , 75, d = 194 mches 
Tent #3 - h = 163 mches, d = 266 mches, 

0 
th1s tent has flat s1des 9 from 

vertical 

All analytical models had guy lmes attached at approximately 0, 80 tent he1ght. 

Pressure coefflc1ents were taken from wmd tunnel data and converted 1nto 
a two-d1mens1onal pressure d1stribut10n around the tents for q =, 6, 3, and 6 
mches of water (gage), It wt:!.s assumed that the wmd load did not vary along 
the length of the tent, and average values of the pressures along the tent length 
were used In the analysis, Shear, moment and mendwnal forces were obtained 
for each loadmg by the theorem of least work usmg the IBM 1620 computer. The 
collapse moments and axial loads were computed for all combmatwns of wId = 

0 0 
0, 080, 0,12, 0,16, P = 3q, 4q, 5q, and <> = 30 , 60 , When the actual moment 

c c 
exceeded the collapse moment for any cond1tion, new flex1bihty coeff1c1ents for 
the collapsed pomt were mserted mto the computer program until the actual 
moment was lowered to equal the collapse moment, The load red1str1bution by 
the above method d1d not g1ve additional collaps1ng moments, therefore, model 
1nstab1hty due to moment d1d not exist, When the meridwnal compression force 
exceeded the tens1on force due to Inflation pressure p , the tent was assumed 

c 
unstable, 

For all stable conditions, the maximum fabric stress resultants were 
computed and graphed vs, q m mches of water (gage), Fabric web and hoop 
stress resultants calculated and graphed as a function of cell rad1us, Internal 
pressure and cell angle, "' , 

c 

3, 7. 5 Concluswns 

When using the design curves as derived from th1s study, the designer 
should not deviate significantly from the over-all tent proportions from which 
the curves are determ1ned, It 1s anticipated that a more general design 
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approach w1ll be p1 ov1ded m a later rev1s1on The rev1sed approach should 
allow more latitude m cell s1zmg and we1ght optlmmatwn Results of the 
we1ght opt1m1zat10n stud-g are prssented on F1gure 44 wh1ch shows opt1mum 
values for a between 69 and 90 , however, for least flber load1ng, a should 

c 0 c 
be equal to or less than 30 • Therefore, m the fmal des1gn approach, trade-
off must be made between we1ght/volume opt1m1zat10n and strength. 

In the strength analyses, the max1mum stress resultants were found 1n 
e1ther the hoop or web stresses, For a cell angle, a equal to or less than 

0 c 0 
30 , the hoop force 1s greater, For cell angle greater than 30 , the web force 
1s greater, In each model analyzed, the mend1onal stress resultant 1s least 
of the three components tabulated, 

It was also observed from the strength analyses that the max1mum fabr1c 
loadmg does not vary apprec1ably w1th he1ght to d1ameter ratw, but does vary 
s1gn1flcantly w1th cell w1dth to tent d1ameter ratw, w/d, and w1th cell1nternal 
pressure, P , as ev1denced by the curves of results obtamed As w/d 1s 
1ncreased, v;Tind load capab1hty 1s mcreased by v1rtue of mcreased stab1hty, 
As P 1s 1ncreased, wmd load capab1hty 1s 1ncreased by vntue of mcreased c 
pre-stress and hence, 1ncreased stab1hty. Increase 1n w/d or P also effects 

c 1ncrease 1n max1mum des1gn stress. 

Analys1s results 1nd1cate that most models w1th wId ratlo of 0, 08 were 
unstable accord1ng to the cntena of paragraph 3, 7 3, that 1s, calculated 
mendwnal compresswn force (-P ) 1s greater than mendwnal1nflat10n force 
(P A ), However, smce these mo{\els d1d not collapse durmg the test, 1t can 
onfy Ee concluded that these des1gns are margmal m acceptab1hty and analys1s 
as performed here1n 1s cons1dered 1nadequate for these models. Results of all 
successful analyses are presented 1n F1gures 33 thru 43, These curves are 
su1table for use as des1gn curves, 
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3. 8 FABRIC STRESS -SINGLE WALL TENTS 

3, 8, 1 Introduchon 

The analyhcal determ1nation of stress d1str1buhon 1n any membrane 
under non-umform pressure load1ng reqmres a satisfactory analytical 
representation of the pressure d1str1btu10n wh1eh can then be apphed to a 
smtable shell theory, Express10ns for wmd loadmg on spher1cal and cylm­
dr1cal shaped surfaces are obta1ned wh1ch are cons1dered to be reasonable 
approx1mahons, relative to the exper1mental pressure data, for the purposes 
of th1s analys1s, 

In the past, the tent des1gner has used a crude stress analys1s and a 
large factor of safety to convemently prov1de structure capable of carrymg 
a pven w1nd load, However, the need to optim1ze tent structures had created 
the des1re for a more ref1ned analys1s of stresses Although the present 
analys1s 1s approx1mate, 1t 1s a s1gnlf1cant step 1n ref1mng the structural 
analys1s of au supported tents, 

3. 8. 2 Apphcat10n of Membrane Theory of Inflated Tents 

Although th1s analys1s uses the membrane theory to determ1ne 1nternal 
loads m the fabr1c structure of mflated tents under wmd load, there are some 
obv10us errors 1n 1ts apphcation, Whereas the membrane theory 1s pred1cated 
on a homogeneous, elashc mater1al havmg mherent shear res1stance and an 
equ1hbnum cond1tion wh1ch assumes no d1storhon of the membrane, a smgle­
ply fabr1c 1s 1nherently capable of res1shng only b1-ax1al tens1on loads 1n the 
d1rections of the weave f1bers. However, m the case of an 1nflated fabnc 
structure, when tens1le stresses are present due to mternal pressure, external 
compress1ve loads may be taken by a reduct10n 1n tens1le stress, If tens1le 
stress 1s reheved to the p01nt where the matenal f1bers try to go mto com­
press1on, the fabr1c 1n th1s area w1ll develop wrmkles normal to the d1rection 
of zero stress, 

Although typ1cal past des1gn cr1ter1a have reqmred the mflation pres­
sure to be ma1nta1ned at a suff1c1ently h1gh level to keep the fabnc 1n tens10n 
m all areas 1n order to prevent such wr1nkles, such a requuement may be 
unnecessar1ly severe. The rehef of tens1le stress m one pr1nc1ple d1rection 
of the fabr1c weave, due to external compress1ve load, may cause some 
1ncrease 1n tens1le stress 1n the other weave duection from load red1str1buhon; 
but th1s 1ncreased stress w1ll be no greater, and probably cons1derably less, 
than the add1honal stress mduced by 1ncreas1ng the mflation pressure to 
ehmmate wrmkles, It 1s further noted that local bucklmg of th1s type may be 
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read1ly tolerated, espec1ally under extreme operahng cond1t1ons, smce the 
deflechons do not constitute fa1lure and would be expected to brmg about re­
duction m peak stress values, 

To accommodate shear load as a component of d1agonal tens10n Wlth­
out the excess1ve d1stort10n caused by reor1entat1on of the weave hbers, 
the usual practlce m tentage des1gn 1s to select a fabr1c of two-ply con­
structlOn w1th the b1as ply onented at an angle of 45 degrees w1th respect 
to the other ply, Although th1s apprec1ably reduces the d1storhon, the fabr1c 
does not follow the hnear membrane theory. A non-hnear theory has been 
m1hated, but much work rema1ns to be done to make 1t a practical analys1s 
techmque, Desp1te the madequac1es of the hnear membrane theory m 1ts 
apphcahon to mflated fabr1c structures, 1t 1s the best analys1s techmque 
presently ava1lable, 

3. 8, 3 Pressure D1stnbuhon Analys1s 

The fabr1c loads analys1s wh1ch follows was based on measured ex­
ternal pressure d1str1but10ns obtamed durmg the w1nd tunnel test senes, The 
.nethod of measurement chosen was to sectlon the tent off by rows and 
columns, At the 1ntersect1on of each row and column a hght we1ght tube 
was attached to the fabnc on the ms1de of the envelope, A small onf1ce was 
then dnlled through the fabnc and mto the tube thereby formmg a surface 
stahc pressure tap. The number of pressure taps per tent model was 
determmed pr1mar1ly by the model s1ze w1th some cons1derat1on bemg glVen 
to areas of constant pressure d1stnbut1on, The locahons of the pres sure 
taps for two models are presented m F1gs. 83 and 84, 

The method of measurement of the test pressures was d1scussed 1n 
Paragraph 3. 1 and the deta1ls of data reduchon m Paragraph 3. 9. These 
tests 1nd1cate somewhat d1fferent pressure d1stnbutlons than those around 
tower mounted radomes due to the presence of the ground plane, The boun­
dary layer assoc1ated w1th the ground plane 1s d1scussed 1n Paragraph 3 1, 
however, 1t 1s noted that the boundary layer th1ckness was adJUStable and 
was set at values deemed reasonable for ground mounted structures A 
d1scuss1on of model s1m1lar1ty and data extrapolahons 1s also d1scussed 1n 
Paragraph 3, 1. 

Past work on sphencal radomes has approx1mated wmd load d1stn­
buhon w1th a three term tngonometr1c ser1es, assum1ng symmetry about 
the w1nd ax1s, Companson w1th h1gher degree senes uhhzmg w1nd tunnel 
data shows that a cons1derably better approx1mat10n can be obtamed w1th 
an e1ght term expans10n, 
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3. B. 3. l Truncated Spher1cal Shape 

To express the pressure d1str1but10n analytlcally, 1t 1s necessary to 
determme the angles cj> and 8 They were determmed from the models as 
follows. 

W1nd Dtrectlon 

S 4> = Arc length from vertlcal ax1s of rotat10n to angle cj> m a mend10nal 

plane contam1ng vertlcal ax1s of rotatlon. 

=~ 
r 

8 = 2rrN 

where N = No. of columns from stagnat10n plane 8 = 0 to g1ven 8 d1v1ded 

by total no. of columns around the spher1cal model Columns are the gnd 

hnes 1n the mer1d1onal d1rect10n. 

t 

For the purpose of sphencal shell membrane analys1s, the wmd load 
can be expressed as a tr1gonometr1c ser1es m the angles cj> and 8 (assummg 
symmetry about the plane 8 = 0 o , 8 = 180° ), 
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N N 

: ($, 8) = 
n n 

:E A sm $cos 8 = :E 
0 n 0 

p ($) cos n 8 
n 

where P =pressure on shell surface m1nus free stream statlc pressure 

q = dynamlc pressure (1/ 2 ,. U 2 ) 

Through a computer1zed curve-f1t program usmg the prmc1ple of least 
squares, 1t was determmed that N = 7 y1elds optlmum results w1th regard 
to accuracy of f1t and tlme expended, The computer program uses poly­
nommal curves of the form 

p (<j>, 8) 
q 

N 
= :E A Xn 

n • 
0 

n n n 
So settmg X = sm $cos 8, N = 7, we have 

x· 

X 

x~ 

x7 

= 1 

= Sln <j> COS 8 

= 
1 

sm2 <j> (1 +cos 2 8) 
2 

I 
= - sm3 <P (3 cos 8 +cos 3 8) 4 

= I sm4 
<j> (3 + 4 cos 2 8 + cos 4 8) 

8 

1 
= sm 5 

<j> (I 0 cos 8 + 5 cos 3 8 + cos 5 8) I6 

I 
= 32 sm ~ <P (1 0 + I5 cos 2 8 + 6 cos 4 8 + cos 6 8) 

1 
= 64 sm 7 q, ( 35 cos 8 + 2I cos 3 8 + 7 cos 5 8 + cos 7 8) 

Collectmg hke terms of cos n 8, we fmd that 
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P, (cj>) 
3 

A 3 sm3 cj> 
5 

s1n 5 cj> +22. A7 sm7 cj> = A 1 sm cj> + 4 + - As 
8 64 

Pz (cj>) 
I 

Az smz cj> I 
A4 sm4 cj> + 15 

A6 sm6 cj> = + 2 2 32 

p3 (cj>) 
I 

A3 sm3 cj> 
5 

As sms cj> 21 
sin7 cj> = +16 + 64 A7 4 

p4 (cj>) 
I 

A4 
4 3 

A6 sm6 cj> = sm cj> + 16 8 

I 7 
sm 7 cj> Ps (cj>) =16 As sms cj> +- A7 64 

p6 (cj>) 
l 

A6 sm6 cj> =32 

p7 (cj>) 
I 

A7 sm7 cj> = 64 

3. s. 3. 2 Czllndrtcal ShaEe wtth SEher1eal Ends 

The broadside wmd load IS considered to be the most critical for the 
cyltndrtcal portion of a tent There ts assumed to be no variatiOn tn the 
wmd load to x (the dtstance along the axts of the cylmder) so that we take 
the pressure coefflctent expression m the form 

p N 
- (cj>) = ~ 
q 0 

n 
A sm cj> 

n 

As was done for the sphertcal shell dtstrtbutton, the assumed curve ts fitted 
to the wtnd tunnel data through a least squares analysts 

To express the pressure distri­
bution on the spherical ends of the 
cyhndrtcal models, It was necessary 
ftrst to determtne the angles a and j3, 
and then convert to cj>, e coordtnates. 
The angles aand j3 were found from 
the models as follows. 
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S =Arc length from stagnat10n axts for yaw angle equals 90° to a 

angle a m a mendtonal plane contammg stagnation ax1s 

s 
a a =--

r 

s
13 

= Arc length from verttcal ax1s of rotat10n to angle f3 m the plane 

normal to the stagnation axts and contammg vertical ax1s 

s 
f3 =~ 

r 

The convers10n from a, f3 to cj>, 8 coordtnates takes the followmg form 

\ 

ljJ = Yaw Angle 

\ 
\~ 

\ I 

r 

Note ljJ and 8 are posttive counter-clockwtse from wmd dtrection 

cos a = sm cj> cos 9 (: - ljJ + 8) 

sm a sm f3 = sm <\> sm ( ~ - ljJ + 8) 

cos 2 (~ - ljJ + 8) = 1 - sm 2 (~ - ljJ + 8) = 

sm 2 a sm 2 f3 
= sm 2 cj> 
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Addmg equations ( I ) and ( 2) gives 

COS <j> = sm <l'COS l3 (3) 

<j>- COS •I (sm <l'COS l3) 

Equation (I) by Identity IS 

2 1I.. 9 cos 2 <l' 
cos (2 - <¥ + ) =I- coszq, 

By substitution of equation (3) 

cos 2 
Q' 

C 0 S 2 ( lf- - <¥ + 9) = ~l---S-'I-'n-j2-<l'_;;;,.C_O_S-;2--;;13:-

cos (~ - <¥ + 9) 
cos 0' 

= 
- sm 2 cr cos2(1) f (1 

9 = cos·1 [(I cos Q' J +<¥ 1I.. (5) 2 
- s1n Q' cos' 13) 2 

For (1 - sm2 <l'COS2 13) t, take positive root 

Now we can express our pressure data In terms of <P and 9, and pro­
ceed with the solution JUSt as IS done for the truncated spherical models 

3, 8. 4 Membrane Stress Analysis 

The analysis of stress resultants as presented here IS not entirely 
origmal. The governmg system of differential equations and their general 
solutions can be found m many texts on the theory of shells, They are 
reiterated here, In anticipation that not every designer has this literature 
readily available, nor IS proficient m the mathematics Involved, 

The results of this analysis are presented as stress coeffiCients, 
N /qr, N9 /qr, N<je /qr, Nx/qr, and N /qr on the computer pnnt-out 
sffeets, In addition, graphs of these s'l:?ess coefficients are presented 
as functions of q,, 9, and x. 
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3, 8, 4, 1 Truncated Sphencal Shape 

Stress Resultants 

The equat10ns of eqmhbr1um for a spher1cal shell element w1th a 

d1str1buted rad1al load are 

a 
8<\> 

where 

N<\> = mend10nal stress resultant {pounds per mch) 

( 1 ) 

( 2) 

( 3) 

N
9 

= cucumferentlal stress resultant {pounds per mch) 

Nq,e = shear stress resultant (pounds per mch) 

P(<\>, 9) = rad1al load (pounds per square mch) 

r =tent rad1us (mches ). 

From equation (3), 

Substltutmg equation (4) mto equat10ns (1) and (2), we ehmmate Ne' y1eldmg 

(5) 

(6) 

For a wmd load, wh1ch 1s symmetr1c w1th respect to the plane 
e = o·' e = 180° ' the general solution of equations (5) and (6) may be 
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represented by 

N 

N<j> = r q ~ s<j>n{<j>) cos n e 
0 

{7) 

N 

N<j>e= r q ~ s<j>en {<j>) sm n e 
1 

{8) 

w1th N = 7 because the pressure d1str1but1on sequence termmates at n = 7 

7 

P{<j>, e) = q 1: p {<!>) cos n e 
0 n 

{9) 

Substltutmg the n-th general term from equat10ns {7), {8 ), and {9) mto 
the dlfferentlal equatlons {5) and {6), we obtam after s1mphflcahon, 

~<!> [s<j>n {<j>) J sm <I>+ 2 s<j>n {<j>) cos <I>+ n s<j>en (<j>) + pn {<j>) cos<j> = 0 {10) 

~ [s<j>en{<j>>] sm<j>+ 2S<j>en{<j>) cos<j>+ nS<j>n{<j>) +npn{<j>) = 0 (11) 

Addmg equat10ns {I 0) and {11 ), we obtam 

d [s '"') + s {"')] + {2 cos cj> + n ) [s {"') + 
dcp cpn '"' .pen "' sm <j> <j>n"' 

{12) 

Subtractmg equatlon {11) from equatlon {1 0) y1elds 

~<P [s<j>n(<j>)- 8<j>en{<j>~ + {
2 c~~n\- n) ~cpn{<j>)- 8.pen{<j>~ 

= -{cos p - n) 
sm <j> pn {<j>) {13) 

Substltutmg 

u 
1 n {14) 
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u = s"' (cp) - s"' 9 (cp) 
zn 't'n 't' n (!5) 

mto equat10ns (12) and (13) results m two ordmary hnear dtfferential equations 
of fast order, 

d 
(U + (2 cos <P + n ) u = _ (cos <P + n ) (cp) 

dcp In smcp 1n sm <P pn (16) 

d 
(U + (2 cos <P - n ) u = _(OS cp - n) 

p n (cp) dcp 2 n sm <P 2n sm <P ( 1 7) 

From ordmary dtfferentlal equations the general solut10n of equation 
(16) lS 

f(2 cos cp + n) dcp f(2 cos <P + n) dcp (l
8

) 
U e smcp = (_(coscp+n)p (cp)e smcp dcp+C 

1 n J sm <P n 1 n 

where C ts the n-th general constant of 1ntegrat10n Performmg the mdt-
ln 

cated operations 1n equation (18), we obtam 

where 

u =­
In 

n 
(I + cos cp) 

(smcp)n+2 
r I (cp) + c 
Lin In-' 

I (cp) = ( p (cp) (cos <P + n) (I - cos <Pt (smcp) 1 - n dcp 
1 n ) n 

The general solut10n of equatton (17) 1s 

u 
2n 

(, 2 cos <P - n) dcp 
Jl sm <P 

e = 

From equation (24) we obtam 

u = 
2 n 

n 
(I - cos cp) 

n + 2 (smcp) 
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(20) 

(21) 
c 
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where 

I (<\>) = sp (<\>) (n - cos <\>) (1 
2n n 

n 1-n 
+ cos <\>) (sm <\>) d<\> 

Fmally from equations (14) and (15), 

S <\>n (<\>) = ~ (U 1 n + U 2 n 

or 

or 

s<\>n (<\>) 
1 [ (1 + cos <j>)n 

( \ n (<\>) + C 1 n J = - 2 (sm<\>) n + 2 

(1 - cos <\>) 
n 

(sm<\>) n + 2 

5<t>en= 
1 (U - u 2 In 2n 

S = _ .!_ [(1 +cos <\>)n 

<\>Sn 2 (sm<\>) n + 2 

(1 - cos "') 
n 

+ 't' 
n + 2 

(sm<\>) 

(I (<\>) + C '1 J 
2n 2n 

(I (<\>) + C ) 
1 n 1 n 

(I (<\>) + C ) J 
2 n 2 n 

The stresses are, 

7 

N<\> = qr ~ s<\>n(<\>) cos n8 
0 

7 

Na = -N<\>-qr 1; p (<\>) cos n a 

0 
n 

7 

N<\>8 = qr~ S<\>Sn(<\>) sm n8 

(22) 

(23) 

(24) 

(25) 

(26) 

The above results represent the general solution of the equ1hbrLUm equations 

(1 ), (2) and (3). Evaluat10n of the mtegration constants m U m and U 2 n 1s 
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accomphshed by exammmg each load term mdependently and defmmg 
boundar1es to assure f1n1te stress values and stra1n compatlb1hty at the 
tent base {<j> = <j>B). 

In each load term there ex1sts two arb1trary constants, C 1 n and C 2 n. 
We can determme C 1 n for all values of n from equation {19) by reqmrmg 
that stress resultants, hence U 1 n be f1mte at the apex{<!>= o) In equation 
{19), there IS a zero of order n +2m the denommator. As can be venf1ed 
by repeated apphcatlon of L 1Hosp1tal's Rule, a f1mte value of U 1 n IS g1ven 
at the apex by settmg, 

C = - I { o) for 0 ,; n ,; 7 
In In 

S1m1larly for U 2 n we obtam from equat10n {21) 

c =I {o) n = o and 1 only>:< 
2 n 2 n 

~' When n 2: 2 the above relat10n becomes mdetermmate and C 2 n {2,; n,; 7) 
rema1n arb1trary constants 

For evaluatiOn of constants C 2 n {2,; n,; 7) we w11l requ1re stra1n com­
patlblhty at the base {<j> = <j>B) where hoop stram, E 

8 
= 0 

The compatlb1hty equat10n IS 

• e = Ne 
E 

Ncp 
v E 

where E IS elastic modulus 

v 1s po1ssons ratio 

- v Ncp 

E 
= 0 

(a) 

(b) 
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• 
Subshtutmg 

(c) 

p (cj>) cos n 9 from equahons (3) and (9), equahon (c) 
n 

becomes for each load term 1 
Ncj>n(cj>B) =- 1 + v q r pn (cj>B) cos n9 

or 

1 
1 + v 

From equat10ns (24) for each load term evaluated at cj>B, 

Subshtutmg (d) mto (e) 

1 
1 + v 

1 
1 +V 

Evaluatmg equahon (22) at cj>B -

s (cj>)=­
cj>n B (I (cj>B) + C ) 

1 n 1 n 

+ c )] 
zn 
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Subshtutmg re1atl0n (f) and (g) and so1vmg, when 2 $ n $ 7, 

( 1 
n 

+ cos <j>B) 
c = 

- cos <j>B) n 
f I (<j>B) + c ) - I (<j>B) 

zn ( 1 In 1n zn 

( q, )n + z 
2 sm B 

pn (<j>B) (h) 
(1 + v ) (1- cos<j> )n 

B 

All constants of mtegrahon are thus evaluated, 

are as follows 

Integrated valuPs for I (<j>) 

I 
1 1 4 1 6 

(<j>) = A
0

( 2 sm 2 <j>) + A 2 ( 8 sm <j>) + A 4 ( T6 sm <j>) 
IO 

I (<j>) 
I I 

1 
= A 1 (- cos <j> t - cos 3 <j>) 

3 

+ As 
5 6 3 4 3 (-56 cos <j> sm <j>-

28 
cos <j> sm <j>- 7 cos <j> 

1 
t 

7 
cos 3 <j>) 

35 5 
- 576 cos <1> smscf>- 72 

1 1 
3 cos<j>t 

9 
cos 3 <j>) 

I (<\>) = A 2 ( - cos <\> - t sm
2 

<j> - i sm
4 

<\>) 
I 2 

I 3 I 4 I 6 + A 4 ( - cos <\> + 3 cos <\>- 4 sm <\> -1z sm <\>) 
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4 2 1 
I ($) = A3 ( - -cos q. - - COS 3$- Stn2 $ t 

20 
COS $ sm4 $) 

I 3 5 5 

9 3 5 4 17 
COS$ sm4 $ +As ( - - cos q. + - cos 3 q. - - sm q. + '56 7 7 8 

5 
+ T'i'2 COS $ sm6 $) 

+ A7 
1 

( - cos q. + 3 1 
cos 3 q. - 4 4 7 

cos q. s m q. - 16 sm6 q. 

+ 
11 6 7 8 
48 

cos$ sm q. -
192 

cos q. sm $) 

1 5 3 
sm 2 q. + 

1 
sm4 cj> I ($) = A4 (-- cos cj> - 6 cos 3 q. - 2 

I 4 2 4 

1 
sm6 $) + 48 

1 6 3 8 
+ 4 sm q. +128 sm cj>) 

5 5 7 4 
+ A 7 ( - 3 cos cj> + 9 cos 3 cj>- 4 sm

4 
cj> + 3 cos cj> sm

4 
cj> 

35 6 29 6 7 8 + 
48 

sm $-
144

coscj>sm cj>-
576 

coscj>sm $) 
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I 
2 20 7 

(<!>) = A7 ( 3 cos <I>- 9 cos 3 <I>- 3 sm2 
<1> + 4 sm4 

<1> 
17 

1 
+ 

576 
cso <1> sm8 <1>) 

I (<j>) - - I (<!>) 
2 0 ]0 

I (<I>) = I (<I>) 
2 I I I 

(<I>) A2 ( - cos <I> + 
1 

s1n 2 <I>+.!. sm4 <I>) I = 
2 2 2 8 

( - cos <I> 1 1 4 1 
sm6 <I>) + A4 + -cos 3 <I> + 4sm <1>+12 3 

+ A6 ( -
3 1 

cos 3 <1>- 3 
cos <P sm4 

<P + 3~ sm6 <1> 4 cos <I>+ 4 16 

+ 
15 

sm8 <!>) 256 

4 2 1 
cos<j>sm4 <j>) I (<j>) = A3 ( - cos <I> - 5 cos 3 <I>+ sm2 

<I>+ 20 2 3 5 

(- i 3 5 
sm4 <1> + 

17 
cos 4> sm4 4> + As cos <I>+ 7 cos

3 <I> + 8 56 7 

5 
+112 COS <j> sm6 <j>) 

1 1 7 
+ A7 ( - cos <I>+ 3 cos 3 <1>- 4 cos 4> sm4 <1> + T6 sm6 

<j> 

11 6 7 8 + 48 cos <I> sm <I>+ 
192 

cos <1> sm cl>) 
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I '"')A(-.!. _. 5 3_. 3 2.., 1 4_. 1 6"') l'l' = 4 2 
cos 'I' - 6 cos 'I' + 2 sm 'I'- 4 s1n 'I' - 48 s1n 'I' 

2 4 

I (cp) = A 5 (- .!. cos cp - .2. cos 3 cp + 2 
2 5 7 7 

2 5 4 9 4 sin cp- 8 sm cp- 56 coscp Sin cp 

I 
2 6 

1 
cos cp sm6 cp ) 

112 

5 5 7 4 + A 7 (- 3 cos cp + 9 cos 3 cp + 4 s1n
4 

cp + 3 cos cp sm
4 

cp 

35 6 29 6 7 8 ) 

48 
sm cp-

144 
cos cp sm cp-

576 
cos cp sm cp 

'"')=A ( 
1 

"' 
7 

cos 3 "'t ~ s1n2 "'-
9 4 "' 

7 
cos-"sm

4
-" l'l' 6 4 cos 'I'- 4 'I' 2 'I' 8 sm 'I' -""16 'I' 'I' 

3 6 1 8 ) + 32 sm cp + 256 sm cp 

7 61 6 1 8) + 24 sm <\>+Is cos 4> sm 4> + 576 cos 4> sm 4> 
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3. 8. 4. 2 Cylmdrtcal Shape wtth Sphertcal Ends 
(Broadstde Wmd Load) 

Constderable effort has been expended m attemptmg an mtegrated 
solution of the entire tent whtch 1s wtthout precedent It has been necessary 
wtthm the scope of the present contract to explore alternate analytical 
techmques m heu of optlmum procedures The followmg 1s constdered the 
most reahsttc of the stmphfted approaches and should afford adequate basts 
for estabhshtng future destgns even when low safety factors are employed 

The cyhndrtcal portwn of the tent ts constdered to be loaded by three 
separate loads, 1) mternal pressure, 2) external pressure from wmd load 
and 3) equthbrtum membrane force of the hemtsphertcal sechon at each end 
of the cyhnder The forces resultmg from the three separate loads are then 
supertmposed to ftnd the maxtmum membrane stress m each dtrectlon, It 
1s theonzed that the resulting stresses are conservative because, at hnes of 
force dtscontmutty, the maxtmum stress values would be reheved 1f dtsplace­
ment compahbthty were attatned between adJotmng free bodtes, 

Stresses m the hemtsphertcal ends are analysed as though the two ends 
were JOlned together formtng a truncated sphere, Analysts 1s then tdentlcal 
to the precedtng sphencal shape. Load data 1s taken from the actual cyhndn­
cal tent tests 

Loads on Cyhnder 

1. Radtal Loads 

Radtal loads mclude 

Internal pressure, p = q A 
e e 

External pressure, P = q 
ext 

Wmd 

N 
n 

~ A sm cp 
0 n 
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The rad1al loads are comb1ned as 1nd1cated glVmg a resultant rad1al load, 
p, - p t• 

e ex 

The cyhndr1cal membrane when subJected to a rad1al load vary1ng w1th 
4> should d1stort freely such that the c1rcumferent1al force 1s constant, Th1s 
1s because we have assumed that there are no tangentlal loads and that the 
fabnc has zero bendmg stlffness It must then follow that the radlUs would 
be vanable w1th 4> 1n order that equ1hbnum be ma1nta1ned thru the relatlon 

or 

N = (P - P ) r 4> cf>(const) e ext 

r(u)= 
N 

cf>(const) 
p - p 

e ext 

The resulhng deformahon would 1nversely s1mulate the load magn1tude as 
shown below 

P -Pex e 

Load Deformatwn 

To evaluate Ncb we w11l cons1der eqmhbrmm of a cyhndr1cal body of umt length 
rad1al load vatymg w1th cf>. 

/ pcf> 
/ 

"" / 
/ \ 

( 
cf> 

\ 
I 

<j>B 
I 

Ncf>(const) 
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Summahon of Verhcal Forces 

where 

and 

p (cj>) = p - p 
e ext 

N 
p =q ~ 

ext 
0 

n 
A sm cj> 

n 

cj> 
,. B N 

r ' .. = I (P - q ~ 
2 smcj>B-<\> ) e 

0 

n 
A sm cj>) cos cj> d cj> 

n 
B 

s1nce 

con st. 

then 
cj>B 

N = _.:.:R __ O ( (Pe - q 
cj> smcj>B J 

wh1ch reduces to 

let 

~= 
qr 

p 
e 

p 
e 

q 
1 

c =- -~ 
q q r • 

N A n+lcj> 
c ~ 

n sm B = 
0 n + 1 

N 
~ 

0 

N 
n 

~ A sm cj>) cos cj> d cj> 
0 n 

A n + 1.~, 
n s1n "'B 

n + 1 
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n-1,. 
nAn cos <\>B s1n "B = 0 = _...::..._ _ ___::::._ ___ ~ 

n + 1 

n - 1"' 0 cos <I>B Sin "B = 

= + .:!!: 
2 ' 

n = 0, 1, 2, ,N (maximum) 

Smce flexibility 1s apparent and d1stort1on conforms to m1mmum energy 
principles, utlhzat10n of maximum «\>B ( ~ ) m the calculation of all n values 
1n the express10n for C 1s reasonable and conservative. 

N A 
c n 

• • = ~ 
0 

n + 1 

and 

~ 
p N A 

e 
~ 

n 
= q r q 

0 
n + 1 

2, Axial Loads 

Ax1al loads on the cylinder are taken as the loads necessary for 
equilibrium of the hemispherical ends and are determined by use of the 
spherical tent solution, The spherical ends are assumed to be JOined to­
gether to form a sphere w1th load distr1but10n as determined by the actual 
test data, The resultmg Neat e = 0 and e = 1T must then be apphed to each 
end of the cylmder The only additional ax1al load on the cylinder IS 

that due to 1nternal pressure or 

N = 
xe 

p r 
e 
2 

Total axial stress for body equilibrium IS 

or 

N 
X 

N 
X 

q r 
= 

N (<\>, e = o,1r) 
e 

N
6 

(<\>, e = o,rr) 

qr 

p r 
+ _e_ 

2 

+ 
p 

e 
2q 
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It IS recogmzed that the above analys1s does not prov1de for displace­
ment compat1b1hty at the sphere-cylmder JUnction It IS qlilte apparent that 
a compatlb1hty solut10n should prov1de a reduction m the calculated peak value 
because of the edge flex1b1hty of the supportmg cylmder It IS also noted that 
the peak stress values for N8 (necessary for end eqU1hbrtum are consequently 
regarded as shghtly conservative 

It IS also recogmzed that no evaluation of shear (N ) 1s attempted m 
the cyhndncal shell sect10n, The analysts of shear ts not"'cj> constdered crttlcal 
smce the matertal can buckle m shear wtthout consequent fatlure (rupture) of 
the fabrtc, The crttlcal stress components are taken to be tenstle membrane 
forces 

3 8, 5 Results - Truncated Sphencal Shape 

Pressure data from all tests on tent models 1, 4, 7, 10, 13, and 21, have 
been analysed for curve flttmg and model stress analysts m keepmg wtth 
paragraphs 3. 8 3 and 3 8, 4, 

3, 8. 5 1 Calculations 

Stress coeff1c1ents (N<h/qr, N8/qr, N<h
8

/qr) were calculated on Hayes' 
IBM 1620 Computer, Stresses were calculated at 15' mtervals, from cj> = 
15' to cj> = cj>B and from e = 0 to e = 180' • Typical stress coeffiCients are 
tllustrated on Ftgures 47,48 and 49 for Test Number 173 on tent model num­
ber 4 where dynamtc a1r pressure, q, = 0, 6 and tent mternal pressure, 
p =4/5q, 

e 

All vahd peak stress coefftc1ents for the non porous sphencal model 
tests (Models 1, 4, 7, and 21) are plotted on Ftgures 50, 51 and 52 Peak 
stress values are the maxtmum occurrmg m the tent Peak Ncj> usually 
occurs at cj> = 15' and 8 = 75', Peak N

8 
usually occurs at cj> = 15' and 8 = 0 

(See F1gures 47 and 48) 

As 1s evtdent on Ftgures 50 thru 52 the stress coeff1c1ent curves are 
drawn above the plotted pomts and represent maxtmum peak stress values 
where mternal pressure ts vaned from 5/4 q No pattern of stress coefflc1ents 
IS d1scernable due to varymg Internal pressure w1thm the selected range 

3 8 5 2 Conclus10ns 

The curves of peak stress coefftc1ents are utlhzed to prepare des1gn 
curves as shown m F1gures 53, 54, and 55 These des1gn curves prov1de 
a d~rect readmg of peak stress coefftc1ents for any glVen h/d and des1gn 
dynam1c, or 1mpact, pressure, q, where mternal tent pressure 1s approximately 
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., 

equal to q. 

S1nce wmd loadmg can be from any d1rect1on, stress var1at1ons w1th 
9 becomes 1nconsequent1al 1n the spher1cal des1gn, However 1t may be advan­
tageous or des>rable that the des1gner be able to determme stress var1at1ons 
w1th apex angle, <\>, F1gures 56 thru 59 have been denved from test data 
max1mum values and prov1de a rat10 of N

9
(<\>) to N

9
(peak) for use m des1gn 

calculat10ns, No comparable curve 1s prepared for N<\>(9) because the var1at10n 
m N<\> w1th <\> 1s shght, (See F1gure 47 at 9 = 75• ), 

P01ssons Rat10 

In the boundary cond1t1on (paragraph 3, 8, 4. 1) reqmrmg stram com­
patlblhty at the tent base (<\>=<\>B), Po1sson's rat10 (v ) 1s mherent. Because 
no mformatlon 1s ava1lable on P01sson effects 1n tent fabncs and also because 
dlfferent weaves and fabnc compos1hons would affect the stra1n charactenst1cs, 
the analyses have employed a somewhat arb1trary po1s son ratlo equal to one, 
Smce the true value of P01sson's rat10 may be s1gn1f1cantly less than the assumed 
value, des1gn curves have been developed (F1gure 60) to prov1de correct10n 
factors for Po1ssons raho, v = 0, 5, These curves were determmed by rat10 
of calculated stress results when v was var1ed 1n test case solutlons for 
each h/d represented m the test program, 

Des1gn Curve Summary and Apphcatlon 

The des1gn curves generated m th1s study and analys1s are presented 
here1n as F1gures 53 thru 60 1nclus1ve, 

Utlhzatlon of the des1gn curves 1n tent analys1s 1s as follows • 

1) From des1gn requ1rements determme tent s1ze and shape and 
des1gn value for dynam1c (or 1mpact) pressure 

2) Enter F1gure 53, 54, or 55 w1th reqmred h/d on the appropnate 
curve for dynam1c pressure and read stress coeff1c1ents, 

~ Ne 
and -- • 

qr qr 

3) Enter F1gure 60 and read stress factors, 

N<j> (v = 0, 5) 

N<\> (v = 1. 0) 
and 

N
9 

(v = o. 5) 

N
9

(v =1,0) 
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4) Multiply respect1Ve stress factors (from 3) by stress coef£1c1ents 
(from 2) to get stress factors for mater1al w1th po1ssons ratio, 
v = 0, 5, Products are corrected stress coefflc1ents, 

~ and 
qr 

5) Multiply corrected stress coef£1c1ents (from 4) by des1gn dynam1c 
pressure, q, m p. s, 1, and tent rad1us, r, m mches, Products 
are Stress Resultants N<P and N

9 
m pounds per mch, 

6) If var1ation 1n N
9 

w1th apex angle, .p, 1s destred, determ1ne stress 
ratio, 

N
9 

(peak) 

from F1gure 56, 57, 58 or 59 dependmg on appropr1ate h/d, 
stress ratios (from 6) by N

9 
(from 5) to get var1able values 

versus apex angle, .p, 

7) Total stress resultants are• 

p r 
e 
2 

= N
9 

(from 6) + 
p r 

e 
2 

where P 1s mternal pressure m p. s, 1, 
e 

r 1s rad1us 1n 1nches, 
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3, 8, 6 Results - Cyhndrical Shape with Spherical Ends 
(Broadside Wmd Load) 

All tests on tent models 2, 5, 6, 8, 9, ••• have been analyzed m accor­
dance With paragraphs 3. 8. 3 and 3, 8, 4, The effects of mternal pressure was 
mherently accounted for m these tests, The mternal tent model pressure was 
set at 4/5 q, lq, and 5/4 q for each series of tests for each wmd velocity 
used, Broadside Wind direction, normal to the cyhndrical sect10n centerhne, 
creates the most severe loading condition and the largest fabnc stresses. 
The aerodynamic pressure data gathered from these tests mdicated much 
lower values for any wind directlOn other than broadside which substantiates 
what may be assumed by observat10n. The results of the calculat10ns and 
conclus10ns are presented in the following two paragraphs. 

3. 8, 6. l Calculat10ns 

The maximum resultmg stress coefficients 

~ 
qr 

and 
N.pe 

qr 

were calculated on Hayes IBM 1620 computer and are hsted m tabular form 
m Table III for each test model considered, Test model No. 8 was chosen 
as being typical withm the set and calculated values of stress coefficients 
versus the angle e for test No. ll8, tent pressure 4/5 q, q =. 6, are presented 
m Fig. 61, 62, and 63 as calculated by methods outhned m paragraph 3. 8. 4, 2, 
These results are typical of all models tested and thus presents all the 
necessary informatlOn requtred to develop design curves for tents that exist 
within the set, i, e., h/d rangmg from 3/8 to 3/4 and w/t:~1rangmg from l/4 to 
l. 

The calculated results of N.p/q r versus q are plotted m Figure 64 
for all tests on Model No. 8 for both the cyhndncal sect10n and the sphencal 
ends. The scatter of all results are mcluded Withm the shaded area and a 
hne of maximums bounding the upper hmits describe the maximum stress 
level for any wmd velocity up to 105 mph. 

The calculated results of Ne/ q r versus q are plotted m Fig, 65 for 
all tests on Model No. 8 for the sphencal ends. These results are mterpreted 
as above, with one addition, the cyhndrical section peak values are assumed 
constant longttudmally (m the directlOn of x) except at the mterface, 

The calculated results of Nq,e/q r versus q are plotted m Figure 66 
for all tests on Model No, 8 for the spherical ends, These results are m­
terpreted as before except the shear iS assumed to be zero at the mterface 
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and anywhere on the cyhndncal section away from the base, 

F1gure 67 presents an 1llustrahon of all max1mum values of Ncj,/ q r 
stress coeff1c1ents as typ1cally presented m F1gure 61 for Model No. 8 com­
bmed w1th the max1mum calculated value for the cyhndr1cal sechon for all 
tests at all wmd veloc1ties for every q, from 15° to 75. 5o • The absc1ssa 1s 
d1v1ded as a function of d, the bas1c tent d1ameter, and the rad1us proJeCtlOn 
of vanous pOS1tiOns of em 15° 1ntervals from 0° reference po1nt to e = 180° 
The purpose of th1s d1v1s1on 1s to allow a plot of max1mum stress coefflc1ents 
showmg the d1str1but10n around an end, through the d1scontmU1ty reg10n at 
the 1nterface, and contmUlty 1n the cyhndr1cal sect10n, The rear s1de 1s spht 
out and rotated 180° m order to better show the d1stnbut10n, Only one half 
of the model 1s presented because of symmetnc load1ng and results, 

F1gure 68 presents an 1llustrat10n of all max1mum values of Ne/q r 
stress coefflc1ents as typ1cally presented m F1gure 61 for Model No, 8 com­
bmed w1th the extens10n assumpt10n that the cyhndncal equ1hbnum forces 
are constant 1n the cyhndr1cal sect10n for all tests at all w1nd veloc1ties for 
every <I> from 15° to <PB. The remam1ng explanat10n of the flgure 1s stated 
m the precedmg paragraph. 

F1gure 69 presents a cross plot of max1mum Nq,/q r stress coefflc1ent 
as a funct10n of the angular pos1tion from q, = oo to + <i>B. These values are 
representative of all tests of Model No. 8 max1mum 1nterface stress coef£1c1ents 
cons1der1ng d1scont1nu1ty effects at the JUnction of the cylmdncal sectlon and 
the spher1cal ends where e = oo and 180° • 

F1gure 70presents a cross plot of max1mum Ne/qr stress coefflc1ent 
as a function of the angular pos1tion from q, = oo to + q,B. These values are 
aga1n representative of all tests of Model No, 8 max1mum 1nterface stress 
coefflc1ents comb1ned w1th the extens10n assumption that the cyhndncal 
equ1hbrmm forces are constant m the cylmdncal sect10n for all tests at all 
wmd veloc1ties at the Junction of the cyhndncal section and the sphencal 
ends where e = 0° and 180° 

3. 8. 6. 2 Conclus10ns 

The purpose of th1s presentation, as outhned prev10usly 1s to develop 
des1gn data curves from wh1ch the des1gn of a cylmdr1cally shaped tent w1th 
sphencal ends can be made w1thout undue labor or theoretical analys1s of 
stresses. The f1gures presented 1n th1s part enable the des1gn to pred1ct 
max1mum stress coeff1c1ents for var10us cylmdr1cally shaped spher1cal ended 
tent s1zes for wmd veloc1hes up to 105 mph. 

F1gures 71 thru 73 present a typ1Cal plot of stress coeff1c1ents 
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for speclfiC dynamiC pressures for W/thequal to 1/2, These results represent 
an attempt to present design data to use as a means to arrive at mterpolated 
values of the stress coefficients for variOUS wmd velocities, The curves thus 
presented represent a mmimum of data pomts and cannot be rehed upon to 
glVe accurate results. The final design curves descnbed m the followmg 
paragraphs constitute the evaluatwn of data herein presented and should be 
used in any design problem 

Maximum stress coefflcients presented m Table III represent all 
maximums for all combinatwns of sizes and wind velocities, The scatter of 
results as illustrated m Fig, 64, Fig 65 and Fig, 66 proved that the maximum 
stress at any pomt can be predicted for any wmd velocity by usmg a lme of 
maximums which bound the scatter regton for any specific model, 

The resultmg design curves (Ref Figs. 74 thru 82) presented herem 
utihze this method to predict maximum stress coefficients, The calculated 
stress coefhcient maximums of all tests on all models mclude all of the 
speclfic results withm its set and therefore the scatter of the maximums re­
present all of the results for any speciflc vanation m proportional Size. 

Resultmg stress coefficients many portion of a cylmdrically shaped 
spherical ended tent can be obtamed by usmg the design stress coefficient 
curves presented in Figs, 74 thru 82, To use these curves, the designer 
would decide upon the proportions of SiZe of the tent to be designed, either 
by aerodynamic considerations or other requirements, and choose the figure 
for the speclfic h/ d ratlo which apphed to the gi\ en problem. After thiS the 
designer would then enter the graph upon the abscisSa at the predetermmed 
W /thand read upward to either the curve labeled cylmdrical sectwn or spherical 
ends and determine the corresponding stress coefflcient by reading across to 
the ordmate mdex, 

Figure 71 presents the variation of maximum stress coefflcient, 
(Nd>/qr) maximum, versus h/d for a constant W/fh=. S, for any speclfic 
dynamic pressure (q), m the spherical ends, 

Figure 71 presents the variation of maximum stress coeffiCient, 
(N.p/q r) maximum, versus h/d for a constant W ltjf. S, for any speclfic 
dynamic pressure (q), in the cyhndncal section. 

Figure 72 presents the variation of maximum stress coeffiCient, 
(Ne/qr) maximum, versus h/d for a constant W/th=. S, for any speciflc 
dynamic pressure (q), in the spherical ends and the cyhndrical sectwn, 
assummg the extension of eqUJhbrium forces to be constant, 
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F1gure 73 presents the vanatlon of max1mum stress coeff1c1ent, 
(Nq, 6 I q r) max1mum, versus hid for a constant WI@ h= • 5, for any speclf1c 
dynamlC pressure (q), m the spher1cal ends. The shear stress coeff1c1ents 
m the cyhndr1cal sectwn are assumed to be zero and the1r calculation has 
here1n been neglected, 

F1gure 74, 75 and 76 present max1mum stress coeff1C1ents, 
(N I q r) max1mum, versus WI@ hratws from W lth = • 2 5 to 1. 0 for both 
sptencal ends and the cyhndncal section of the tents for all broads1de wmd 
loads for hid rat10s of hid= 318, 112 and 314 respectively. These des1gn 
data curves w1ll prov1de accurate results of stress coeff1c1ents for any tent 
w1th these particular proport10nal s1zes for all load cond1t1ons, It must be 
remembered that the stress coeff1c1ents dep1cted from these curves do not 
represent the total stress cond1tlon, The effects of mternal pressure must 
be added to these results 

F1gures 77, 78, and 79 present max1mum stress coeff1C1ent, 
(Nelq r) max1mum, versus W llhratlos as stated m the precedmg paragraph 
w1th the equ1hbnum extenswn apply1ng throughout the cyhndncal sectwn, 

F1gures 80, 81 and 82 present max1mum stress coefflc1ents, 
(Nq, 6 1 qr) max1mum, versus Wllhratlos as stated above except m the cyhndn­
cal sect10n where the assumed shear stress 1s zero. 

P01ssons Ratio 

Po1sson 1s effect upon the fabnc stresses are d1scussed m precedmg 
paragraph 3. 8. 5, 2 and resultmg des1gn curves furmshed m F1g. 60 The 
results g1ven and manner 1n wh1ch the des1gner apphed th1s to the cyhndrl­
cally shaped spher1cal ended tent 1s exactly the same. 

Des1gn Curve Summary and Apphcat10n 

The des1gn curves presented m th1s study and analys1s are mcluded 
as F1gures 74 thru 82, 

Uhhzatwn of the des1gn curves m tent analys1s 1s as follows 

1) From des1gn requuements determme tent s1ze and shape and 
dynam1c (or 1mpact) pressure des1gn value 

2) Enter F1gs 74 thru 79 (choosmg the appropnate f1gure by knowmg 
the hid ratw) w1th the reqUlred Wl~and read stress coefflc1ents, 
N<j>lq r max1mum and N6 lq r max1mum for both the cyhndr1cal sechon 
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and the spher1cal ends, For stress coe£f1c1ent values wh1ch would 
ex1st for other s1zes than those presented, lmear 1nterpolat1on wlth­
m the range g1ven w11l y1eld correspondmg results, 

3) Enter F1g, 60 and read stress factors Nq, (v = 0. 5) /(Nq, (v = 1. 0) 
and Ne (v = o. 5) /Ne (v = 1, 0). 

4) Multlply respectlve stress factors (from 3) by stress coe£f1c1ents 
(from 2) to get stress factos for matenal w1th Po1ssons ratlo, 
v = 0. 5, Products are corrected stress coefflc1ents, Nq,'q rand 

Ne/ q r. 

5) Multlply corrected stress coeff1c1ents (from 4) by des1gn dynam1c 
pressure, q, 1n p. s. 1, and tent rad1us, r, m 1nches, Products are 
stress resultants Nq, and Ne m pounds per mch. 

6) Total stress resultants are• 

N = p r 
cp e + Nq, (from 5) Cylmder 

N = P r/2 + Nq, (from 5) Sphere 
q, e 

N - N = P r/2 + Ne (from 5) Both e- X e 
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3. 9 PRESSURE DISTRIBUTION 

The fabr1c loads analys1s presented m Paragraph 3. 8. 2 was based on 
measured external pressure distnbutions obtamed durmg the wmd tunnel test 
senes. The method of measurement chosen was to sectwn the tent off by 
rows and columns. At the intersection of each row and column, a hght weight 
tube was attached to the fabnc on the ins1de of the envelope. A small orifice 
was then dnlled through the fabric and mto the tube thereby formmg a surface 
static pressure tap. The number of pressure taps per tent model was deter­
mined pnmar1ly by the model Size with some consideration being glVen to 
areas of constant pressure distnbutlon, The location of the pressures taps 
for several models 1s presented 1n Fig, 83 and 84. 

The method of measurement of the test pressures was d1scussed in 
Paragraph 3.1 and the details of data reductwn m Paragraph 3 8. These tests 
indicate somewhat different pressure distnbutwns than those around tower 
mounted radomes due to the presence of the ground plane. The boundary layer 
associated w1th the ground plane 1s d1scussed in Paragraph 3.1, however, it 
1s noted that the boundary layer th1ckness was adJustable and was set at a 
value deemed reasonable for ground mounted structures A d1scuss1on of 
model Similarity and data extrapolatwns 1s also discussed in Paragraph 3. 1, 

3. 10 DATA REDUCTIONS 

The data reductwn program was d1v1ded into four categones aero­
dynam1c balance data, anchor load data, external pressure d1stnbutwn and 
tent model deflectwns. The data collected durmg each test was transferred 
to a prepared computer load sheet for automatic data reductwn on the IBM 
1620 computer located at Hayes International Corporatwn, Blrmingham, 
Alabama. The equations, etc. , used for this reduction are presented m 
the followmg sections, 
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3.10, 1 Aerodynam1c Coeff1c1ents 

The total aerodynam1cs load and moment coeff1c1ents are defmed as 
follows 

Coeff1c1ent Equatlon 

Llft CL 
L 

= --
qA 

p 

CD 
D 

= 
q.P 

Drag 

p p 

cy = ....::L 
qA 

S1deforce 

p 

eM 
M 

= qA t 
Mpm 

P1tchmg Moment 

CR = y 
qA p 

Rolhng Moment 

pr 
M 

eN 
m 

= qp ' 
Yawmg Moment 

pm 

The aerodynam1c loads and moments used for computmg the above 
coeff1c1ents are as follows 

Component Equahon 

L=L -L -L 
r p J 

Drag D=D -D -D 
r p J 

S1deforce P = P -P -P 
y yr yp YJ 

M=M -M -M 
r p J 

P1tchmg Moment 

M = M -M -M 
y yr yp YJ 

R ollmg Moment 

M = M -M -M 
m mr mp mJ 

Yaw1ng Moment 

where 

subscnpt "r" values are the total read1ng mclud1ng contr1butlons due 
to plate loads and Jet flow loads, subscr1pt "p" values are the plate loadmg 
contr1but10ns only, Subscr1pt "J" values are the react10ns due to the add1tlonal 
a1r flow mto the tent enclosure dur1ng porous model tests, These values are 
slopes calculated from the data pomts m lbs, (or foot-lbs, ) per m H 2 0, 
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Th1s program also computes the actual veloc1ty from the tunnel mdl­
cated veloc1ty, corrected for pressure, temperature, and Reynolds number 
as follows· 

u = J :q 
R =~ 

N fl. 

Veloc1ty 

Reynolds Number 

Add1tional corrections were made to the data for the effects of the 
w1nd tunnel boundary cond1tions, The boundary corrections requued for 
the spec1al case of a model mounted on a ground plane were reduced to two 
These were sohd blocklng and hor1zontal bouyancy, The equations used 
are as follows 

u = u (1 + E SB) 00 u 

qoo = qu (1 + 2' SB) 

RNoo = RNu (1 + E SB) 

CL = CLu (1 - (J' - 2e SB) 

rrC 

eM CMu (1 Ze SB) 
L = + 4 

CD = CDu (1 - 3 ' SB) 

where 

subscnpt "u" terms are the uncorrected data based on w1nd tunnel 
upstream cond1tlons, 

where 

= 
K(model volume, V) 

(Ac) 3 I z 

z 
= _'IT_ 

4 z 

K - 1s a constant = 0 96 for bod1es of revolution 
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A - w1nd tunnel cross sect10n area 

c 

d - d1ameter of model used 

h - he1ght of wmd tunnel test section 

The drag coefflc1ent, CDu• based on free stream cond1t1ons mcludes 
a correct10n for hor1zontal bouyancy. Th1s correction was made as follows 

= 

where 

DB = .i£... (model volume) 
dl 

~ = slope of tunnel long1tudmal statlc pressure curve dl 

D = net drag 

qu = free stream dynam1c pressure 

A = reference area, max1mum planform. p 

Model volume for s mgle wall models was coJ:r...,uted as follows 

where 

h > d/2, 

V = .1!: d 3
- .1L d 3 

+ 1T rB 2 (h- d/2) +1T r 2 (~- 2r) 6 48 3 

h < d/2, 

v 

=t ( 9 - s m 9) (t - 2r) 

d z 
2 

.1!: 
3 
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where 

= 

h = d/ 2 

v = .1! d 3 + .1! ( r) 2 (t - 2 r) 
12 2 

where 

r = model rad1us 

h = model tent he1ght, feet 

d = model d1ameter, feet 

rB = base rad1us 

e = base angle 

l = length 

The max1mum planform area for s1ngle wall models was computed as follows 

where 

A 
p + 2 r (t - 2 r) 

r = model rad1us , m feet 

A = planform area 
p 

In the equat10ns for volume and the equatlons for planform area, 
model rad1us and d1ameter d1v1ded by 2 were cons1dered mdependent num­
bers 1n order to make the equatlons apply to both spher1cal and cyhndncal 
models. 

The flnal correctlon made to the aero balance data was to transform 
from wmd axes to body axes for models onented at yaw angles of 4J = 45 o • 

The relatlonsh1p between w1nd ax1s and body ax1s 1s presented 1n F1gure 12 ". 
ForljJ = 0 o and 90 o no correctlon was necessary. 
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The equatlons used were as follows 

Coeff1c1ent Eguatwn 

Llft CLB = CL 

Drag 
CDB = CD cos t(J cy smt(J 

S1deforce CYB = cY cos t1J CD sm t(J 

P1tchmg Moment CMB = CM cost(! - CR sm tiJ 

Rollmg Moment CRB = CRcost(J-CM smljJ 

Yawmg Moment CNB = eN 

3 10 2 Pressure Coeff1c1ents 

The pressure d1str1but10n data were reduced to coefhc1ent form m 
accordance w1th the followmg equahon• 

where 

c 
p 

p p 
00 =----=-

C pressure coeff1c1ent 
p 

P - pressure at model surface 

P - tunnel statlc pressures 
00 

The values of pressure at the model surface were measured at many 
pomts on the model surface, The relatlve locatwns of these pomts vaned 
from model to model, Typ1callocahons are presented m F1gures 83 and 84. 

3.10,3 Anchor Load Coeff1c1ents 

Ind1v1dual anchor loads and anchor load coeff1c1ents were computed 
for each actlve anchor used, The anchor loads were computed by hrst 
cahbratmg each act1ve anchor w1th four (4) known loads of 1 lb., 6 1 b , ll lb., 
and 16 lb. The slope of the cahbratwn curve obtamed was then computed 
1n lb. /m1cro 1nches per mch load and multlphed tlmes the stra1n recorded 
for that anchor under the test cond1tlon cons1dered, The anchor load co­
efflclent was then computed as follows 

CAL = 
AL 
qA 

p 
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where 

PAL- anchor load, lbs. 

q - dynamlC pres sure, lbs /ft. 2 

A - reference area, ft. 2 (ProJected Frontal Area) p 

The anchor loads were summed for all test cond1t1ons and pnnted on the out­
put sheet as total anchor loads, These loads were corrected for mflatwn 
loads and pr1nted out as aerodynam1c loads, The aerodynam1c loads shown 
mclude a correctwn for the fact that not all anchors were "actlve", or 
measured stra1n, Th1s correctwn was a multlphcatlon factor composed of 
a ratw of total to act1ve anchor pomts employed, 

The mflatwn loads used were computed by recordmg the stra1n for 
each anchor correspond1ng to tent pressures of 2 m,, 4 m,, and 6 1n, of 
water and convertmg these anchor loads by multlplymg by the slope of the 
cahbrahon curve for each gage, These 1nd1v1dual loads were then summed 
to g1ve total mflatwn loads for all test cond1t1ons, F1gures 81 and 89 
present the planform lay-out of the actlve anchor locatwns for two models, 
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4 l SELECTION 

SECTION 4 

FABRIC MATERIALS 

The 1ncreas1ng use of fabncs for eng1neenng matenals m a1r 
supported structures where we1ght, durab1hty, and rehab1hty are 
1mportant has emphas1zed the need for, f>rst, the careful selectlon 
of fabncs for mechamcal strength, and second, the selectlon of coat-
1ngs for seam strength, cold weather flex1b1hty, and 1ncreased 
durab1hty In add1tlon, good quahty control 1s essentlal to 1nsure 
unlform1ty of product The structural data presented 1n th1s des1gn 
manual show that each structure and 1ts 1ntended use presents spec1al 
and umque engmeermg problems The full potenhal of hghtness m 
we1ght, durab1hty and rehab1hty of a structure can only be reahzed 
by eng1neer1ng a fabnc to match the exachng mechamcal and env>ron­
mental cond1hons of use spec1fled for the tent 

The selechon of a fabnc meehng the exachng and use cond1hons 
for a tent must be based on a cr1t1cal evaluahon of all flber and fabnc 
propertles A comprehenslVe rev1ew of even the most essenhal fabnc 
charactenstlcs 1s beyond the scope of th1s manual The 1nformatwn 
relahve to fabnc properhes can best be obta1ned from flber and fabnc 
manufacturers, m1htary speclf1cahons and from hterature (11, 12, 13, 
14) However, fabnc enpneenng can be only as effectlve as the extent 
that 1nformahon relahve to the des>red charactenshcs of a fabnc 1s 
known S1nce th1s manual prov1des the necessary 1nformatwn to deter­
m1ne the strength of fabnc reqUlred for a g1ven structure, the stress­
stra1n behavwr of f1bers and fabr1cs 1s cons1dered perhnent and 1s 
1ncluded for ready reference The relatwnsh1p between tens1le strength 
and we1ght of fabncs 1s also g1ven The strength-we1ght relatwnsh1p 1s 
necessary to estabhsh the we1ght of fabnc reqUlred for the tent, and to 
eshmate the we1ght of the flnal structure Two other fabnc properhes 
wh1ch can restnct the selectwn of coated fabncs for a1r supported tents 
are mentwned bnefly because of the1r 1nterest to the M1htary and the 
satehte and commun1cat10ns 1ndustry The two fabnc properhes are 
low temperature flex1b1hty and d1electnc constant 

F1ber Type The Army and A1r Force have to date found nylon 
and polyester flbers more sabsfactory for a1r- supported tent fabncs 
than f1berglas, acryhc, modacryhc and cellulose type fabncs Both 
f1bers have a h1gh strength to we1ght ratw. The two f1bers can be used 
to produce thm, flat fabr1cs of h1gh strength Thm, relabvely flat 
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fabr1cs are essentlal for hght we1ght coated fabnc, s1nce the th1ckness 
of fabnc controls the amount and therefore the we1ght of coatmg com­
pound requ1red to flll the mterstlces and protect the fabncs Nylon 
and polyester flbers are stlll cons1dered the more acceptable flbers to 
use for a1r supported tents. However, flber producers are contmually 
1mprovmg then flbers, and the three other flber types wh1ch show 
prom1se for future use are mcluded The add1t1onal flbers are glass 
flber, acryhc, and polypropylene. Of these, glass flber 1s not new 
It 1s a h1gh strength, low elongatlon f1ber It has better weathermg 
and chem1cal res1stance propertles than e1ther nylon or polyester It 
has been used as a radome fabr1c, but was found to crack on sharp 
creases wh1ch occurred m the fabr1c as a result of foldmg the tent for 
storage. Glass flber technology has 1mproved, and modern glass 
fabncs show an 1mproved res1stance to crackmg 1n folds Acryhc 
flbers are 1ncluded because of then better weathenng res1stance and 
rad1o frequency transm1ss10n charactenstlcs when compared to nylon 
and polyester. The potentlal fleld of apphcatwns for acryhc flbers 1s 
m the relm of extremely low poros1ty, uncoated fabncs for smgle wall 
an supported tents. H1gh tenac1ty polypropylene 1s mcluded because 
of 1ts h1gh res1stance to abras1on and good mechamcal propertles. 
For a plam weave polypropylene fabr1c, the strength to we1ght rat10 
was found to be h1gher than that of nylon and polyester fabncs How­
ever, 1ts strength degrades rap1dly on weathermg and the fabnc can 
only be used w1th a protectlve coatmg. To date, dlfflculty 1s expenen­
ced m attammg a satlsfactory adheswn of coatmgs to polypropylene. 
As soon as a satlsfactory solutlon can be found for coatmg polypropylene 
fabr1cs, 1ts h1gh strength to we1ght ratlo w1ll make poss1ble stlll hghter 
we1ght fabncs than can be attamed w1th present day nylon and polyester 
flbers. 

4 2 CHARACTERISTICS 

F1ber Strength Charactenstlcs - The load-elongatlon behavwr 
of the f1ve f1ber types are shown m F1gure 88 The umt for load m 
both flgures 1s flber tenac1ty m grams per demer. To convert the 
load-elongatlon curves to the standard engmeer1ng stress-stram curves, 
1t 1s necessary to convert flber tenac1ty 1n grams per demer to tens1le 
strength 1n pounds per square 1nch. The converswn factor for th1s 1s 
shown m the Welhngton Sears Handbook -11 as follows 

Tens1le Strength (ps1) = 12, 800 x sp gr x Tenac1ty (gpd) 

It 1s read1ly apparent from the load-elongatwn curves that, 
except for glass flbers, the f1ber elongatlun 1s not hnearly proportlo­
nal to the apphed load. Each curve shows an 1mt1al elastlc regwn at 
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low elongation followed by a complex flow and stlffenmg charactenstlc 
as the flber 1s elongated to rupture. To obtam an apprec1at10n for 
f1bers w1th non-hnear load elongat10n character1stlcs, reference 1s 
made to Dr Sus1ch1 s work on the mechan1cal cond1tlon1ng of flbers 
In h1s paper, Dr Sus1ch compares the load-elongatwn character1st1cs 
of flbers after repeated load1ng at several predeterm1ned extenswns 
The results are reported 1n terms of the length recovered after the 
load 1s removed The results are g1ven 1n percent of 1mtlal length 
Dr Sus1ch uses three terms to descr1be the load recovery properties 
of flbers, the fnst 1s percent of length recovered 1mmed1ately after 
removal of the load, Immed1ate Elastlc Recovery (IER), the second 
term represents the contraction of flber length at some tlme after the 
removal of load, Delayed Recovery, (DR), the third term represents 
a permanent extenswn of the f1ber after the load 1s removed, Perma­
nent Set (PS) The results Dr Susich found for the fibers considered 
1n th1s manual were extracted from his report and presented 1n Table 
IV It should be noted that the relatlVe proportion of each type of defor­
mation vanes With percent of elongatwn, the h1gher the percent of 
elongation, the lower the elastlc recovery and the h1gher the permanent 
set. Th1s 1s charactenstlc of v1scoelast1c matenal A deta1led 1nter·­
pretatwn of the f1ber load elongatwn curve 1s beyond the scope of th1s 
manual Th1s Informatwn 1s summanzed 1n the Welhngton Sears Hand­
book (11) and m selected md1vidual papers 

The Informatwn provided by the f1ber load-elongatwn curve 1s 
useful for pred1ctmg, as a flrst approx1matlon, the strength and energy 
absorb1ng charactenstlcs of the fabnc Hence these can be used to 
select the flber type wh1ch w1ll best fulf1ll the particular engmeermg 
apphcatwn 

Fabnc Strength Character1stlcs - The load elongat10n character-
1Stlcs of a fabnc d1ffers from that of 1ts component f1ber The load 
elongat10n curves for nylon flber and fabnc 1s shown 1n F1gure 89 and 
that for Polyester on F1gure 90. The umt for load 1s g1ven as a percent 
of rupture load for convemence 1n comparmg f1ber and fabnc curves. 
In order to obta1n a better understand1ng of the d1fference 1n f1ber and 
fabnc curves, a br1ef review of the behavwr of fabr1cs under stress 1s 
1n order 

Dr Haas cons1dered the deformation of a pla1n weave fabr1c to 
be the result of three d1st1nct but mutually mteractmg mechamsms 
The flrst of these 1s thread shear, where the mutually perpend1cular 
warp and fllhng yarn rotate, chang1ng the angles between the yarns, 
the second mechamsm 1s termed thread stra1ghtenmg and results from 
the over and under character1stlcs of the pla1n weave, each set of yarns 
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bendmg over the other set Th1s bendmg 1s also known as cnmp 
When the loads are apphed to the two yarn systems, the system under 
the h1ghest stress w1ll tend to stral-ghten transfernng part of 1ts cnmp 
to the other set of yarns Th1s mechan1sm 1s termed cnmp 1nterchange 
The thHd mechanl-sm 1s that of yarn extenswn w1th1n the weave P1erce 
and others have l-denhfled a fourth mechamsm wh1ch w1ll mfluence the 
load elongat10n behavwr of a pla1n weave fabnc Th1s 1s concerned 
w1th the compress1ve properhes and the bend1ng shffness of the yarn 
Each yarn 1s subJected to both lateral compresswn and bend1ng at 
every thread crossmg Lateral compresswn causes the yarn to flatten 
under load and allows the weave to extend, and bendmg r1g1d1ty 1n 
1ncreased res1stance to extenswn of the weave 

The sequence w1th wh1ch the mterachng mechamsm operates 1s 
assumed to be as follows when the load 1s fust apphed, the mechamsms 
of shear and cnmp mterchange predommate These two mechamsms 
operate by a geometnc rearrangement of the yarns 1n the weave rather 
than by yarn extenswn Thus, the results of m1hal fabnc deformahon 
under load 1s mdependent of the rheolog1cal properhes of the flber. 
Th1s mechamsm 1s md1cated m F1gure 89 and 90, by the fabnc exh1b1t-
1ng a greater extenswn at break than the ilber Th1s 1s due pnmanly 
to the cnmp 1n the yarns Fllhng yarns havmg a greater 1n1hal cr1mp 
w1ll show a greater extenswn at all loads As the loads are 1ncreased, 
the stram due to shear and cr1mp 1nterchange reaches a hm1hng value 
wh1ch 1s governed by the hm1hng extenswn of the fabnc The hm1hng 
extens10n 1s reached sooner 1n a densly woven fabnc, such as the poly­
ester, F1gure 89 than 1n fabncs of a looser constructwn such as the 
nylon fabr1c, F1gure 90 Th1s phenomenon 1s best 1llustrated by exam1n­
mg the fllhng yarn extens10n for both fabncs The polyester fllhng 
yarn curve shows a steeper slope at low loads than the nylon f1lhng 
curve Increasmg the load at th1s po1nt w1ll lead to yarn extenswn and 
yarn flattemng The latter ~o mechan1sms predom1nate as the stress 
apphed approaches the rupture load Also tens1le f1bers are V1Scoe­
lashc mater1al. Hence, where fabnc loads reach a level where yarn 
extenswn occurs w1th1n the fabnc, the results of stra1n becomes hme 
dependent and thus extens10n results can vary w1th the rate of load1 ng 
of the mater1al. Th1s 1s parhcularly 1mportant when rupture stra1n 1s 
cons1dered. If the rate of 1ncrease of loadmg 1s slow, there 1s more 
t1me for creep to occur and the break1ng extenswn can be reached at 
a lower load 

From the above, 1t 1s ev1dent that the load elongatwn response 
of a fabnc can be h1ghly mfluenced by the modes w1th wh1ch the loads 
are apphed and the hme rate of load1ng Further, the mechan1cal 
behavwr of fabr1cs 1n aH supported structures, where the fabncs are 
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s1multaneously stressed mall d1rect10ns, cannot be fully pred1cted on 
the bas1s o£ umax1al stress data shown above. It 1s 1n th1s area of 
study, relabve to the mechamcal behav10r of fabr1cs under b1ax1al 
stress cond1t1on, that much work rema1ns to be done A more compre­
hens1ve and accurate theory of the mechan1sm of fabnc stress behav1or 
at low loads, and at 1ncreas1ng loads to rupture, would be of cons1derable 
value 1n develop1ng fabncs of m1n1mum we1ght for a g1ven structural 
apphcahon Stud1es 1n th1s area are underway and w1ll be 1ncluded 1n 
th1s sechon as results become ava1lable 

To prov1de the fabnc we1ght relat10nsh1ps requued for th1s 
manual, 1t 1s necessary to evaluate the rupture load of a senes of 
plam weave fabr1cs for each of the f1ber types hsted below The rup­
ture load for each fabnc 1s d1v1ded by the fabnc we1ght Therefore the 
umts of the we1ght-strength relat10nsh1p developed are pounds-square 
yard per 1nch-ounce 

In th1s manual safety factors w1ll be 1ntroduced wh1eh w1ll 
enable the use of the full fabnc values shown m Table III, 

It should be recogmzed that the strength m pounds per mch per 
ounce of fabr1c represents the fabnc rupture loads The percent of 
rupture load wh1ch can be fully uhhzed m order to reduce the we1ght 
of the fabnc cannot at th1s hme be accurately determ1ned Expenence 
w1th radome construct10n has 1nd1cated that base fabnc loads, as 
determ1ned from the radome manual and before the add1hon of a safety 
factor, can be as h1gh as 20% of the rupture load of the fabr1c At th1s 
level of rupture load, fabr1c extens10ns are eas1ly obta1ned and found 
to vary cons1derably even w1th fabr1cs produced accordmg to a g1ven 
M1htary spec1f1cat1on, Hence, 1t 1s dlff1cult to determ1ne the percent 
of yarn extens10n from fabr1c load elongahon curves alone W1th the 
development of an accurate theory of the mechan1sm of fabr1c deforma­
tlon 1t may be poss1ble for the des1gner to exerc1se h1s eng1neenng 
JUdgement and use a h1gher percentage of the breakmg load, leadmg to 
hghter we1ght fabr1cs However, each of these problems becomes an 
md1v1dual determmat10n relymg fully upon the load elongat10n character­
lShc of the fabr1cs and the f1ber 

Low Temperature Flex1b1hty The m1htary requuement for 
tents to be operat10nal at -65F 1s a d1ff1cult one to meet for coated 
fabncs. MIL-C-43086 1s the spec1f1cat10n for vmyl coated nylon fabnc 
developed for au supported tents for use 1n the temperate zone, It 1s 
recommended for use w1th temperatures no lower than -1 OF The 
we1ght of thermoplashc vmyl coatmg for both durab1hty and seam 
strength 1s 8 ounces per square yard for hght we1ght fabr1cs and 15 
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ounces for heav1er fabncs as shown 1n F1gure 91 The sohd hne shows 
the eshmated amount of vmyl coahng requned c J a funchon of base 
fabr1c we1ght for smgle ply fabncs The dashed hne shows the eshma­
ted amount of coatmg requned for two ply fabncs 

MIL-C-43285 1s the spec1hcatwn for chloroprene-chlorosulfo­
nated polyethylene coated nylon or polyester fabnc developed for tents 
des1gned for archc use The we1ght of thermosettmg chloropre~e base 
coatmg and chlorosulfonated polyethylene top coatmg was found to be l 0 
ounces per square yard as shown 1n F1gure 91 The small dash hne 
represents a smgle fabnc, the dash dot hne represents the Z ply fabnc 

It should be pomted out that the coatmg we1ghts as shown m 
F1gure 91 represent an eshmated average we1ght The actual amount 
and the d1stnbutwn of coahng face to back of the fabnc depends on end 
use cond1bons Each problem becomes a matter for md1v1dual deter­
mmatwn relymg fully on durab1hty and seam strength data, wh1ch must 
be obt a1ned to 1nsure 1ntegnty of the tent 

It should be noted that wh1le the chloroprene, chorosulfonated 
polyethylene coatmg 1s cons1dered by the Army to be the best cold 
weather coahng for an supported tents, the flex1ng of th1s coated fab­
nc, 1s restncted to temperatures no lower than -40F There 1s an 
urgent need for a durable low temperature coahng compounds wh1ch 
w1ll remam flex1ble at -65 and wh1ch can be J01ned w1th a seam strong 
enough to w1thstand the tenswn loads developed by an supported tents 

D1electnc Constant A low d1electnc constant 1s necessary for 
good radw frequency (RF) transm1sswn, an essenhal requnement for 
an supported radomes hous1ng operating radar eqmpment. In the past 
the rough rule of thumb gmde to good RF transm1sswn was to keep the 
th1ckness of the fabnc small1n companson to the wavelength and to 
use fabncs and coahngs w1th low d1electnc constants Reference 1s 
made to the pubhcatwn "Stud1es of Quanhtahve Correlatwn between 
Bulk Dens1ty and Th1ckness of Fabncs and then Radar Transm1sswn 
Charactensbc s," for a more complete coverage of the electncal 
charactenshcs of fabncs 
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SECTION 5 

CONCLUSIONS 

As a result of the w1nd tunnel tests and analyses represented here1n, 
certa1n conclus1ons relative to ground mounted a1r supported tent des1gn and 
operat1on may be made 

form 
These conclus1ons are l1sted below 1n very br1ef 

l, Stable single and double wall a1r-supported tent configurat1ons have been 
successfully tested up to w1nd veloc1ties of 105 m1les per hour, 

2, Of the maJor des1gn var1ables 1nvest1gated (other than type and shape 
factors), wh1ch 1ncluded fabr1c poros1ty, operat1ng pressures, cell s1ze 
and guy line arrangement, operat1ng pressures are most 1mportant. 

3, The use of porous fabric in single wall tent construct1on produced the 
following general tent character1st1cs. 

a, Tent 11ft increased w1th an 1ncrease 1n fabr1c poros1ty for spherical 
and cyl1ndr1cal tents w1 th a 1 2 W/.£h and decreased fort ents w1 th a 

1 4 wah. 

b, Tent drag decreased w1th 1ncreased porosity for spher1cal tents and 
1ncreased for cyl1ndr1cal tents, 

c, Low poros1ty fabr1c reduced tent deflect1on sl1ghtly W1th no marked 
improvement 1n tent stab1l1ty, 

4, The following tent deflection characterist1cs prevailed 

a, M1n1mum tent deflections for s1ngle wall tents occurred at a he1ght 
to diamer.er rat1o of one-half for all tent conf1gurat1ons, 

b, As would be expected, tent deflect1on was greatest in the frontal, 
windward sector of the tent. 

c, Spher1cal s1ngle wall tents have smaller overall deflections than 
the cyl1ndr1cal tents, 

d, For the double wall tents, an 1ncrease 1n cell s1ze, i,e., cell w1dth 
to enclosure d1ameter rat1o, increased tent rig1d1ty and resulted 
1n less tent deflect1on, 

e. For the double wall tents, a guy line conf1gurat1on wherein l1nes 
are attached at 0,80 and 0,40 tent he1ght and have angled corner 
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hnes produced smallest deflechons 

5. Tent enclosure and cell pressures and cell s1ze are all 1mportant 
factors affectmg tent stab1hty. Tests concluded that 

a. For satisfactory tent stab1hty charactenshcs, s1ngle wall 
enclosure and double wall cell pressures of at least free 
streams dynam1c pressure are reqmred 

b. Enclosure pressures equal to amb1ent stahc or greater 
pressure must be ma1nta1ned 1n double wall tents to pre­
clude early tent buckhng 

c. The stab1hty of cyhndncal double wall tents was found to 
be less than for cyhndncal smgle wall tents, beheved to 
result from flow cond1hons around the double wall tent 
flat ends 

d. No s1gn1hcant ga1ns m double wall tent stab1hty were 
ach1eved beyond a cell pressure of s1xteen 1nches water 
gage. 

e. Proper guy hne arrangement prov1des some add1honal 
stab1hty at recommended operating pressures. The best 
guy hne conhgurahon tested cons1sted of a comb1nat10n 
h1gh (0. 8 tent he1ght) and a low (0. 4 tent he1ght) hne arrange­
ment. 

6 Stress analyses of spher1cal and cyhndncal smgle wall tents w1th1n 
proportions tested can be accomphshed usmg the des1gn curves de­
veloped m th1s study for the Des1gn Manual for Ground Mounted Alr­
Supported Structures (smgle and double wall). Bas1c des1gn curves 
are based on an assumed fabnc p01ssons rat10 of 1. 0. Prov1s1on 
1s 1ncluded for stress evaluat10ns when po1ssons raho 1s 0. 5. Stress 
var1at10n w1th apex angle, <\>, can be determmed for spher1cal shaped 
tents. Add1tlonal theory development and analys1s 1s needed to re­
hne stress prohles on cyhndr1cal models. 

7. In the strength analys1s of the double wall tent, the max1mum stress 
resultants were found m e1ther the hoop or web stresses. Hoo~ 

stresses were greatest when cell angle, a was greater than 30 and 
0 c 

when a was less than 30 , the web stress 1s greatest. Mer1d1onal 
c 

stress resultants were smaller than the other components m both 
cases. 

Fabr1c stresses were found to mcrease w1th an mcrease m cell 
w1dth to tent d1ameter rat10 and w1th an 1ncrease 1n cell pressure. 
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RECOMMENDATIONS 

The follow1ng areas of 1nvestigat2on warrant further study and test1ng 
as a result of the 1nformation obtained from this program in order to 1ncrease 
the utility and accuracy of the design data presented here1n. 

1. Add1tional double wall tent tests are requ1red to as firmly establish the 
data var1ation w1th tent shape parameters as for the s1ngle wall case 

2. The effects of adJacent tents or structures on tent loads and stabil1ty 
character1st1cs were not measured during these tests and poss1bly should 
be evaluated in future tests. 

3. W1nd tunnel tests should be performed on selected s1ngle and double wall 
tents configurations to obta1n v1brat1onal ~haracterist1cs which can be 
used to evaluate fabr1c fat1gue. 

4. Full scale tentage tests should be made to evaluate Reynold's member 
effects on tentage data presented 1n Part II of the des1gn manual 

5. Short rad1us (ends) single and double wall tents should be w1nd tunnel 
tested to determ1ne des1gn feasibility, espec1ally any beneficial deflec­
tion and stab1lity character1st1cs when replacing double wall flat end 
tents. 
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Model No 

Conhgurahon 

W1dth to 
Length Raho 
W1dth 
Length 
He1ght 
Rad1us 

' 
Model 
Conhgurahon 

W1dth to 
Length Ratw 
W1dth 
Length 

, He1ght 
Radms 

NOTES 

TABLE I 

TENT MODEL SIZES FOR PHASE I TESTS 

Smgle -Wall Tents 

l 2 3, 15 4, l 0, 5, ll' 6 7 
13 14 

3/4 3/4 3/4 l/2 l/2 l/2 3/8 
Sphere Cyl Cyl Sphere Cyl Cyl Sphere 

l 2 l 4 l 2 l 4 
27 0 15 8 ll 2 30 8 19 4 13 8 37 2 

34 9 46 l 42 8 57 l 
20 3 ll 9 8 4 15 4 9 7 6 9 13 9 
13 5 7 9 5 6 15 4 9 7 6 9 18 6 

Double Wall Tents 

16 17,22-26 18 19 20 
3/8 3/4 3/4 1/2 1/2 
Cyl Cyl Cyl Cyl Cy1 

l l l 1 1 2 1 2 1 4 
31 1 22 4 15 8 19 4 13 8 
31 1 22 4 34 9 42 8 57 8 
12 1 16 8 11 9 9 7 6 9 
16 1 11 2 7 9 9 7 6 9 

1 All d1menswns are m mches 

2 Models 1 thru 9 and model 21 are non porous, 
smgle wall 

3 Models 10 thru 15 are porous, smgle wall 

4 Models 16 thru 20 and 22-26 are non porous, 
double wall 
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8 9, 12 21 

3/8 3/8 7/8 
Cyl Cyl Sphere 

l 2 l 4 
22 0 15 4 23 4 
49 6 66 5 

8 6 6 0 20 5 
11 4 8 0 11 7 



TABLE II 

Companson of Double Wall Model Cell S1zes 

Enclosure Cell Cell W1dth Cell S1ze 
Model D1ameter W1dth Enclosure D1ameter Model No 17 Cell S1ze 

# 17* 19 5" 1 60" 0 082 1 

# 22 19 5" 1 60" 0 082 1 

# 23 18 25" 2 25" 0 123 1 5 

# 24 17 00" 2 80" 0 164 2 

# 25 18 25 11 2 25 11 0 123 1 5 
r 

# 26 19 5" 1 60" 0 082 1 

' 
* Reference Model #17 

Note All the above tents had overall w1dth of 22. 4". 
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TARLE III- MAXIMUM STRESS COEFFICIENTS 
ALL TESTS- MODELS LISTED 

CYLINDRICAL SHAPE WITH SPHERICAL ENDS 
CONDITION BROADSIDE WIND LOAD 

• 

Model 
~/d W/th * 

(Nd>/qr ) Max, (N
6
/qr ) Max (N efqr l Max, 

No. q =. 6 q = 3, 0 q = 6. 0 [q =. 6 q = 3 0 q = 6 0 _g_=.6 _g_ = 3, 0 _g_ = 6. 0 

s 1. 436 1. 447 1. 532 1. 339 1. 384 I 464 I. 356 I. 249 1. 306 
2 3/4 I/2 

c • 737 • 820 • 8I8 I. 339 1. 384 I. 464 0 0 0 

s 1. 433 1. 322 1. 159 I. 382 I. 2I7 I. I08 • 669 • 646 546 
5 I/2 I/2 

c • 796 • 494 • 571 I. 382 I. 217 I. I08 0 0 0 

I/2 1/4 s I. 235 I. 503 - I. IOO I. 418 - • 6I5 • 679 -6 
c 525 65I - I. IOO I. 4I8 - 0 0 0 

s I. 237 I. I67 I. I77 I. 25I I. 256 I 296 • 548 4.2_I 520 
8 3/8 I/2 

c • 907 • 679 • 7I2 I. 251 I. 256 I. 296 0 0 0 

s I. 485 I. 829 - I. 552 I. 936 - • 659 805 -
9 3/8 I/4 

'2_.._ • 804 • 789 - 1.552 I. 936 - 0 0 0 -

*S - Sphertcal Results, C - Cylmdrtcal Results 



Table IV 

Load Recovery Properties of Ftbers 

From Sustch & Backer 

~ Spun Filament Glass 
Polyester Nylon Acrvhc Acryhc~' 

t.o:~ 
d Ftber 

' 

At 5 o/o Stram 

IER•~*~' 38 38 42 NA -
DR**~' 52 59 30 NA -

PS*~c* 10 3 28 NA -
At 1 Oo/o Stram 

IER 27 28 27 NA -
DR 46 67 43 NA -
PS 27 5 30 NA -

At 50o/o of Elongation at Break 

IER 28 27 30 NA 78 

DR 50 67 45 NA 19 

PS 22 6 25 NA 3 

At 50o/o of Breakm2: Tenactty_ 

IER 33 29 33 NA 78 

DR 52 67 52 NA 19 

PS 15 4 15 NA 3 

·~Data not avatlable 

** Breakmg extenston 5o/o 

Polypropylene>:< 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

*~'~' IER Immedtate Elastic Recovery, DR Delayed Recovery, PS Permanent Set. 
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-1 4 

-1 2 

-1 0 

D1stance From Model Leadmg Edge - Inches 

F1gure 1 - W1nd Tunnel Statlc Pressure Grad1ent 
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1/4" ID 
A1r Hose 

lA'" FNm Sho, Su"'' 

Regulator (2) for l____ Enclosure Inflation 

Regulator (1) 
For Cell Inflation 

1/4" ID 
Plastic Lme ... 

Tent 

F1gure 2 - Tent Inflation Schematic 
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P1tot 

Veloc1ty (q) 
Measurmg Probe 

Ground Plane 

From Tent Cell 
Structure 

Statlc ~ 

Menam 
Manometer 

From Tent 
Enclosure 

Cell 
Pressure 
Manometer 

~ 

Manometer Board 

Enclosure 
Pressure 
Manometer 

F1gure 3- Pressure Instrumentatwn Schematic 
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Model No. f 
3/4 Sphere 

Model No. 10 
1 /2 Sphere 

Model No. 7 
3/8 Sphere 

Model No. 21 
7/8 Sphere 

Figure 4. - Photographs of Single Wall ppheres 
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Model No. 2 
3/4 Cylinder 

Model No. 8 
318 Cylinder 

Model No. 5 
1 I 2 Cylinder 

Figure 5 -Photographs of Single Wall Cylinder, W lth = 1 I 2 
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Model No. 3 
3/4 Cylinder 

Model No. 9 
3/8 Cylinder 

Model No. 6 
1 /2 Cylinder 

Figure 6 . - Photographs of Single Wall Cylinder, W /1h - 1/4 
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Model No. 17 Model No. 23 
3/4 Cylinder 3/4 Cylinder 
Cell Width/Enclosure Dia. = 0. 082 Cell Width/Enclosure Dia. = 0. 123 

Model No. 24. 
3/4 Cylinder 
Cell Width/Enclosure Dia. 

Model No. 26 
3/4 Cylinder 

0. 164 Cell W1dth/Enclosure Dia. = 0. 082 

Figure 7 . - Photographs of Double Wall Cylinder WIt = 1 I 1 
h 
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Model No. 16 
318 Cylinder 
Wl'h=lll 

Model No. 19 
1 I 2 Cylinder 
With= l/2 

Model No. 18 
314 Cylinder 
WI~= l/2 

Model No. 20 
-1 I 2 Cylinder 

w "h-=l/4 

Figure a.-Photographs of Double Wall Cylinders, WI~= lll, 112 & 114 
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STRAIN GAGE 

~TENT 

----TURN BUCKLE 

r:ff_L.....---ANCHOR POINT 

-----
<. I / ~ / I J / ""rm/ /----

FABRIC SEAL 

STRAIN GAGE BEAM 

HIGH VOLUME 
INFLATION TUBE 
USED IN POROUS 

~SINGLE WALL 
GROUND PLANE 

F1gure 10. - Typ1cal Stram Gage Installat10n 
on the Ground Plane 
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WIND 

DIRECTION 
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SIDE FORCE 

F1gure ll • - W1nd Axes System 



+T 
Cj) 

+P 
y 

+PyB 

I 

Ftgure 12, - Coordmate System for Transformation 
from Wmd Axes to Body Axes 
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DOUBLE WALL, 3/4 CYLINDER, I I WIDTH/LENGTH RATIO 
GUY LINES ATTACHED 0. 80 and O. 40 TENT HEIGHT 

o. 3 

o. 2 

0. I 

0 

Note Cell W1dth/Enciosure D1ameter = 0. I23 

Cond q = 6. 0" w. g. 

5 10 I5 

Cell Pressure, P 1n. w. g. 
c 

20 

F1gure 29. - Var1at1on of Tent Deflection w1th Cell Pressure. 
Guy Lmes Attached at 0 80 and 0. 40 Tent He1ght. 
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DOUBLE WALL, 3/4 CYLINDER, 1 1 WIDTH/LENGTH RATIO 

Cond q = 6. 0" w. g. 
p = 5. 0" w. g. 
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0~------------------------------------------------0 1 2 3 

Enclosure Pressure, p 1n. w. g. 
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5 

F1gure 30. - Var1atlon of Tent Deflection W1th Enclosure Pressure. 
No Guy L1nes, Constant Cell Pressure = 5. O"w. g., 
Broads1de to Wmd (1\1 = oo ). 
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SUMMARY 

The obJective of th1s program 1s to prov1de tentage mformatwn based 
on w1nd tunnel test data that can be apphed e1ther to the evaluatwn and 1m­
provement of ex1stmg ground mounted au supported tents or to the des1gn of 
such future structures The data presented are the results of a program con­
ducted by the Hayes Internatwnal Corporatwn of B1rmmgham, Alabama under 
Contract DA l9-l29-AMC-l29(N) for the U S Army Natick Laboratones, 
Natick, Massachusetts 

The program cons1sted of study, test and analytical 1nvestigat10n phases 
wh1ch began m July 1963 and concluded m October 1966 Durmg the study 
phase, a reVlew was made of pertinent hterature on expenmental techmques, 
data and analyses apphcable to determ1mng max1mum aerodynam1c force on 
and stresses m fabr1c structures The w1nd tunnel mvest1gations cons1sted of 
deta1led testing of twenty-s1x tent models to mclude s1xteen smgle wall tents 
(ten w1th non-porous and s1x w1th porous fabnc) and ten double wall tents 
Tests were conducted at stab1hzed wmd speeds up to 105 m1les per hour m the 
Vugm1a Polytechmc Institute's 6' x 6' stab1hty tunnel In the analyt1cal phase, 
test data were used to develop fabnc stress and aerodynam1c coeffle1ent data 
vanatwn w1th tent parameters 

The results of the w1nd tunnel mvestigatwns and the stress analyses 
have been 1ncorporated 1nto th1s manual and 1ncludes comprehens1ve, practical 
des1gn data smtable for engmeenng rehable, stable, s1ngle apd double-wall 
au-supported tents Data, 1n general, are presented 1n non-d1mens10nal 
coeff1c1ent form, and therefore, are apphcable to full scale tents w1th1n the 
range of parameters 1nvestigated Des1gn mformatwn 1s presented as charts 
and tables on such 1tems as tent aerodynam1c force and moment coeff1c1ents, 
anchor and guy hne coe£f1c1ents, surface deflectwn, matenal stresses and 
spec1flcat10ns, usable volume, and we1ght 
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